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Chapter 1
Introduction and Background
1.1 Introduction
Natural radionuclides are widely used to examine a large variety of relevant atmospheric
processes and to validate comprehensive global transport models (WMO,2004). Particu-
larly,natural radioactive radon (222Rn), thoron (220Rn) and their progenies are the main
contributors to environmental radioactivity present in the atmosphere (Nazaroff and Nero,
1988). Because these source/sink distributions are reasonably well constrained, these ra-
dionuclides can be used to assess the characteristics of the large and global scale transport
of gases and aerosols as depicted in General Circulation Models (GCMs) (GAW, 2004).
222Rn gas has proven to be very useful as a tracer to validate the Atmospheric Transport
Models (ADM) and has been studied in the past as well as nowadays by several researchers
such as Chevillard et al., 2002; Considine et al., 2005; Tagushi et al., 2002 and the
PhD thesis of Arnold, 2009. Intensive research has been carried out on a global scale
using 222Rn for global atmospheric transport model evaluation as well as for estimating
fluxes of atmospheric constituents or pollution such as by Vinuesa and Galmarini, 2007.
Furthermore, a new application in recent years has been the use of radon for estimating
regional scale greenhouse gas emission such as by Biraud et al, 2000 and by Hawkins et
al., 2010. In addition, the determination of the vertical profile of 222Rn concentration
at a high tower is also being studied because it is really useful in order to understand
atmospheric processes such as nocturnal inversion (Galmarini, 2006; Cohen et al, 1972)
and for validation of transport models with different spatial resolutions (Seibert, et al,
1998).
222Rn is a naturally occurring gas generating from 226Ra decay as is illustrated in the
decay chain of 238U in Figure 1.1, the radon can be detected in the atmosphere and its
exhalation from soil can be directly evaluated on a local scale (Morawska, 1989; Grossi et
al, 2011) or indirectly extrapolated on regional/global scales related to radium content in
4
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Figure 1.1: Decay chain of 238U
the soil (Nazaroff and Nero, 1988), to the soil parameters (PhD thesis Lo´pez-Coto, 2011)
or to the terrestrial gamma dose rate (Szagvary et al, 2007). However, the efficient use
of radon in atmospheric modelling studies is limited by the accuracy of the spatial and
the temporal variation of the radon source function, which is used by models (WMO,
2009). Furthermore, there is still an uncoordinated global approach for radon flux an-
datmospheric radon concentration measurements, data archiving and data quality which
does not provide the scientific community with both a complete and harmonized data
base (WMO, 2009).
Indeed, the use of radon for validation of atmospheric transport models relies in part on
accurate estimates of the 222Rn source term (PhD thesis Arnold, 2009). Radon exhalation
from the soil depends on several factors which are related to soil material characteristics
and environmental conditions. All these facts make the exact measurement of radon flux
quite complex (Nazaroff and Nero, 1998) and the creation of radon flux inventories taking
into account the spatial and temporal variation of radon flux is a really important task
for the scientific community (WMO, 2009). On the other hand using the 222Rn as a tracer
for atmospheric studies is related to the availability of high quality data of atmospheric
radon concentrations, measured with a good spatial distribution both on the horizontal
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as well as on the vertical scale (WMO, 2009).
Nowadays, some European projects and data bases, such as the TTtorch
(www.ttorch.lsce.ipsl.fr) and the InGOS (www.ingos-infrastructure.eu), are carrying out
continous measurements of atmospheric 222Rn gas concentrations together with others
greenhouse gases measurements at high towers because there is a great need to support
and integrate atmospheric monitoring (GAW, 2004). However, these atmospheric high
towers are still quite geographically sparse and there is a need for a data harmony (GAW,
2004). Furthermore, many studies have been done and are still improving the 222Rn source
function estimation with regard to its spatial and temporal variations by both direct and
indirect methods (WMO, 2009). Indeed, several suitable global datasets for predicting
the 222Rn emissions are nowadays becoming available to modellers (Schery and Huang,
2004; Szagvary et al, 2007). Particularly, a model built by Lope´z-Coto, 2011 during his
doctoral research to try to take into account the temporal variations of radon flux due
to metereological conditions and the spatial variations of radon flux due to the geological
soil characteristics.
Within this framework, and within a MICINN (Spanish Ministry of Science and Innova-
tion) founded project (Reference CGL2008-00473), the present thesis aims to build and
characterize a new atmospheric radon station at the El Arenosillo station, on the south-
western coast of Spain to performe atmospheric radon concentration measurements at
different height due to the presence of a 100-m-high tower at this station. Furthermore,
the study aims to properly characterize radon flux background in this area. Therefore,
the present study includes analysis of atmospheric radon gas concentration by the electro-
static chamber method under seasonal metereological parameters at two different heights
together with characterization of the radon flux of the El Arenosillo station area by direct
methods on local scale and by indirect radon flux inventories on regional scale.
The El Arenosillo station, which belongs to the National Institute of Aerospace Tech-
nology of Spain (www.inta.es), was selected for devoloping this work because it can be
potentially used for atmospheric tranport models evaluations with atmospheric radon ob-
servations. Indeed, several air masses reach the El Arenosillo station as pointed out by
Herna´ndez-Ceballo et al, 2011 and its surroundings have a quite low radon flux back-
ground. Furthermore, the El Arenosillo station is equipped with a 100-m-high meteoro-
logical tower.
The direct method used for radon flux measurement was performed by the Electret Ion-
ization Chamber (EIC) monitors of E-Perm (Kotrappa, 2009 and Grossi et al, 2011).
Beforestarting the radon flux study at the El Arenosillo station, the EIC E-Perm monitor
response was analyzed by laboratory and in situ comparison with other direct and indirect
methods. In addition,a potential high radon source was identified in the phosphogypsum
pile of the city of Huelva, which is only 25 km away from the El Arenosillo station and
therefore the radon exhaled from its surface could be detected at the El Arenosillo tower.
Two fields campaigns were carried out during wet and dry seasons to evaluate the radon
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flux on the phosphogypsum pile surface both for its restored and unrestored areas by di-
rect and indirect methods. In order to measure the atmospheric radon gas concentration
at the El Arenosillo tall tower, two Atmospheric Radon MONitors (ARMON) were de-
signed, built, calibrated and set up at El Arenosillo station at 10 m and at 100 m heights.
Analysis of atmospheric radon time observations at 10 m and at 100 m during 2009-2011
and their influence arising from metereological parameters were studied in order to find
out typical radon gas behaviour at this station. Finally, a preliminary analysis of the
origin of air masses reaching the El Arenosillo station and related synoptic situations
was done by back-trajectories with the HYSPLIT4 model and GDAS metereological files
(Draxler et al, 2009).
1.2 Background
1.2.1 Overview
Radon (222Rn) and thoron (220Rn) gases are present in soil because they are produced in
the decay chain of 238Ra and 232Th, respectively (Nazaroff and Nero, 1988). Indeed, the
222Rn and the 220Rn gases after having been exhaled from the soil, undergo dispersion and
diffusion processes in the atmosphere and their only sink is by radioactive decay, with a
half-life of 3.8 days for radon and 56 seconds for thoron.
In the early 1980s the first studies concerning 222Rn and its decay products were mainly
focused on their radiological risk (UNSCEAR, 2000). Later on, 222Rn was proven to be
a useful passive naturally occuring tracer in atmospheric transport studies and several
interesting works appeared using radon as an atmospheric tracer at different scale magni-
tudes (Butterweck et al, 1994; Porstendorfer, 1994). As it is a noble gas, it is not removed
from the atmosphere by dry or wet deposition processes, nor does it become attached to
aerosols so it can be used as a good tracer for air mass movements. Particularly, radon
with its long-range transport, due to its half-life of 3.8 days, can be provide a good test
for the treatment of advection and diffusion in global and regional models (Lupu and
Cuculeanu, 2001).
Another important characteristic of radon is that its half-life of 3.82 days makes it a valu-
able instrument to identify air masses which have passed over land within the previous
few days or, on the other hand, those passing over the sea and are hence poor in 222Rn
(Whittlestone and Zahorowski, 1995). As it is emitted primarily from land surfaces, radon
is especially useful for studying vertical dispersion in the atmosphere, and for distinguish-
ing between continental and maritime air masses (Omori et al, 2009). Furthermore, the
presence of this gas in the atmosphere is constant and does not require specific monitored
release as in artificial radionuclides case studies (PhD thesis Arnold, 2009). All these
characteristics described above make radon a really useful tracer (WMO, 2009).
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Several studies have been done from very locale scales, in order to analyse vertical mixing
within the PBL, up to regional and hemispheric scales, for validation studies of atmo-
spheric transport models. Studies have even been done on the global scale (Zahorowski
et al, 2004). For example, the classical treatment of the vertical dispersion of 222Rn and
its daughter products under steady-state atmospheric conditions is due to Jacobi (Jacobi
and Andre, 1963). Based on an assumed vertical variation of eddy diffusivity for their typ-
ical stability classes ranging from unstable to stable cases, they evaluated concentration
profiles in the troposphere up to 10 km. Subsequently, studies extended the treatment to
include time variation of the eddy diffusivity profile (Butterweck et al., 1994).
As a consequence of natural radionuclides being used as atmospheric tracers, a first in-
ternational expert meeting was held in 2003 on sources and measurements of natural ra-
dionuclides applied to climate and air quality studies,particularly for radon. This meeting
was co-sponsored by the World Meteorological Organization (WMO), the International
Atomic Energy Agency (IAEA) and the Centre National de la Recherche Scientifique
(CNRS) (WMO, 2004). The meeting conclusions underlined how the effective use of radon
gas is limited by the lack of an accurate estimation of its source and its spatial/temporal
variation used in models and by the absence of a globally coordinated approach to mea-
sure atmospheric radon gas as well as radon flux. The main conclusion of the meeting
pointed towards a future harmonization of these data. Furthermore, in the recent years
the increased availability of relatively low cost high-precision detectors has made the gath-
ering of radon datasets more affordable. An example of such data collection is the use of
radon monitors as part of the World Meteorological Organization’s Global Atmosphere
Watch (GAW) network. Concentrations of this natural radionuclide are monitored at
GAW Global stations because they can aid the interpretation of meteorological processes
occurring at the stations and especially how these processes affect concentrations of other
atmospheric pollutants measured at the same stations (GAW, 2007).
Along these lines, several new projects and programs were started in 2009-2011 years such
as the InGOS (http://www.ingos-infrastructure.eu/) and the TTorch ESF RNP
(http://ttorch.lsce.ipsl.fr/). The InGOS is a 5-year EU-funded infrastructure project
targeted at improving and extending the European observation capacity for non-CO2
greenhouse gases and related tracers such as 222Rn. The InGOS involves 34 partners
from 15 countries. The TTorch program aspires to create a network of observatories
of long lived non-CO2 greenhouse gases and related tracers because the combination of
atmospheric observations and inverse atmospheric transport models enables us to detect
trends in concentrations and emissions.
The great importance of 222Rn gas as a tracer for atmospheric models validation led to
the need to organise a second Expert Technical Meeting by the IAEA. This was held in
2009 with the specific focus on radon and its progeny used as tracers for atmospheric
models validations (WMO, 2009). The main topics of this meeting were the debate of the
problems related to the direct measurement of radon flux from the Earth’s surface, set-up
and use of models for radon flux estimation from the soil infunction of soil proprieties
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and metereological conditions, the harmonization of measurements of atmospheric radon
and radon progeny concentrations. Furthermore, the meeting conclusions pointed out the
importance of improvements in the use of continuous PBL concentrations or of vertical
gradients and the development and/or the use of high-resolution atmospheric transport
models. Developments in these areas were considered to be needed to improve the useful-
ness and reliability of input data used for atmospheric transport models validation and
to study atmospheric processes (WMO, 2009).
1.2.2 Atmospheric 222Rn concentration
Historically, the first radon measurements in the outdoor atmosphere were done by inte-
grated detectors with the aim of analyzing its vertical distribution. Several studies were
done at high altitude (Wilkening, 1970) and for high towers (Moses et al, 1963; Cohen et
al, 1972; Ussler et al, 1994), which offer the possibility of obtaining a radon concentration
profile. In particular, high towers allow eddy diffusivity to be studied by measurement
at two different tower heights (Cuculeanu and Lupu, 1996; Guedalia et al, 1974; Fontan
et al, 1979). However, integrated detectors did not provide a good temporal variability
analysis for this gas on an hourly scale and were not useful for studies of the atmospheric
boundary layer.
It is clear that the position of radon as useful tracer has involved a great improvement in
the research regarding detection techniques (Whittlestone and Zahoroski, 1970). The first
continuous monitoring of radon concentration in air was carried out in the mid 1960s in
inland areas (Taylor and Lucas, 1966). However, this monitoring was not efficient enough
for measurements at coastal sites, where radon concentration values can even be lower
than 1 Bq m−3 (Zahorowski et al, 2004). Atmospheric radon monitors able to measure
radon gas concentrations of the order of a hundred of mBq m−3 using measurement of
radon progeny concentrations have been used since the 1970s (Lambert et al, 1970).
Indeed, in the beginning radon progeny monitors were commonly used and the radon
gas concentration had to be extrapolated by a technique that required accompanyning
assumptions regarding equilibrium of the progeny with respect to the ambient radon.
However, these assumptions were not always true mainly under really unstable conditions
of atmospheric layers (Kritz et al, 1990). Subsequently, the first instrument able to
measure radon gas directly was built by Hopke, 1989. Nowadays the most common
techniques used for atmospheric radon concentrations measurements are usually based
on two filters (Zahorowski et al, 2004) and electrostatic detection methods (Hopke, 1989;
Roca et al, 2004). In the two-filter method the sampled air is drawn into the detector
through a first filter which removes aerosols as well as ambient 222Rn and 220Rn progeny.
Once inside the detector delay chamber, 222Rn is delayed for sufficient time to allow new
progeny to be produced. The new progeny are then collected on a second filter. Since
they have been produced in controlled conditions, their number is proportional to the
222Rn gas concentration (and to 220Rn, if present in the delay chamber) (Zahorowski et
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al, 2004). The collected progeny are counted using an alpha particle detector. The second
filter can be used as a filter tape or a wire mesh (Whittlestone and Zahorowski, 1995).
Usually a zinc sulphide scintillator and a photo multiplier tube are used as an alpha
particle detector. This means that this method does not allow alpha peak separation
(WMO, 2004). In the electrostatic method the 222Rn flows through a first filter which
stops aerosols particles and radon/thoron progeny. The collection of 218Po generated
by radon decay in the detection volume is then done by a uniform electric potential of
several kV between the detection volume walls and the surface of a solid state detector. A
multichannel analyser is used for signal processing. This method allows a high resolution
spectral analysis of alpha particles and it will be fully explained in the next chapter of
this thesis (Iida et al, 1996).
The increase of the importance of radon as a tracer meant that it was included with
other gases in international atmospheric research campaigns (Bates et al, 1998; Colle et
al, 1995) and its applications as a tracer started for general circulation models (Iida et
al, 1996). Most environmental radon studies were focused on temporal and spatial radon
concentration variability in the atmosphere and its correlation with radon exhalation or
with meteorological factors. The correlation between ground level radon concentrations
and meteorological conditions in the lower atmosphere has been extensively studied by
Pearson and Moses, 1966; Ikebe, 1970; Beck and Gogolak, 1979; Kataoka et al, 2001 and
Galmarini, 2006. Such types of analysis need a consistent data base of radon concentration
time series and of meteorological parameters such as temperature, humidity, pressure,
wind speed and wind direction. Furthermore, knowing both wind speed and direction at
a specific site is also useful for making a preliminary qualitative analysis about the origin
of air masses that are rich/poor in radon (Crawford et al, 2009). These types of analysis
can be done by relating wind speed and direction observations to measured local radon
concentrations (Levin et al, 2002). This provides better knowledge of the 222Rn source
term, thus enabling a more accurate study of the local radon contribution in the lower
atmosphere (WMO, 2004).
It is important to underline the fact that the variation of radon concentration measured
at a particular site not only depends on the local radon exhalation rate from the soil,
but also on the transported radon contribution (Zahorowski et al, 2004; Crawford et al,
2009; Arnold et al, 2010). This contribution from remote sources cannot be neglected
and, obviously, it is strongly influenced by the transport pattern affecting regions (Arnold
et al, 2010). Therefore, the installation of high towers became very useful in these studies
in order to measure radon concentration both at low and high levels and to evaluate both
the local and remote contribution (WMO, 2009). In the last 4 years great improvements
have been made in Europe in atmospheric monitoring and particularly in observations and
studies related with radon. Nevertheless, there is still a lack of available data of radon
measurements at high towers well distributed over Europe. Indeed for example, there is
not yet atmospheric monitoring for high towers in the South of Europe such as the South
of Spain, Portugal, Italy and Greece. These monitoring areas could offer the possibility
of not only studying the vertical radon concentration profile, but also of evaluating the
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remote radon source contribution coming from the North of Africa.
1.2.3 222Rn flux
First studies on radon exhalation rate started at the beginning of the 80s by laboratory
measurement on soil samples (Keller et al, 1982; Keller and Schutz, 1988; Morawska,
1989). All these studies supposed that the sample volume was smaller than the radon
diffusion length in the material. This enables the radon emanated from soil grains to
the pore space for diffusion to the soil/air interface (Morawska, 1989). The following
studies focussed on the influence of material humidity content and other metereological
parameters on the radon exhalation rate such as the studies by Stranden, 1984 and Bossus,
1984. Subsequently, studies on measurement of radon flux directly in situ in soil were
performed in order to measure the radon diffusion coefficient in different soil types and to
understand the influence of geological soils parameters of observed radon flux (Damkjaer
and Korsbech, 1985).
Understanding of radon flux (Bq m−2 h−1) and its distribution over the earth is still under
question because of a lack of direct radon flux measurements in many regions (WMO,
2009). Indeed, direct measurements of radon flux could ideally be carried out using the
accumulation method (Keller et al, 1982) which allows 222Rn gas to accumulate and to be
measured in a chamber placed over the soil. Nevertheless, direct radon flux measurements
raise several open questions about the influence of environmental conditions on radon
exhalation from the soil surface (WMO, 2009; Grossi et al, 2011) and the influence of
the measurement method itself on radon flux (WMO, 2009). Furthermore, all intruments
actually used for radon flux measurements are based on the accumulation method, which
will be presented in the following chapter, but this approach is not practical on a worldwide
scale and measuring radon flux does not seem to be so trivial (DeMartino and Sabbarese,
1997; WMO, 2009). Indeed, 222Rn concentration in soil and its exhalation rate depend
not only on soil properties such as the geology of an area, the porosity and permeability
of the soil, the structure of the terrain and associated 238U mineralization (Nazaroff and
Nero, 1988).
This previous discussion explains how mapping the variation of 222Rn flux over the Earth’s
surface also requires knowledge of many metereological factors such as atmospheric pre-
cipitation and atmospheric temperature which can strongly influence soil temperature
and soil humidity and this leads to a different release of 222Rn gas to the atmosphere
(Nazaroff and Nero, 1988; PhD thesis Lo´pez-Coto, 2011). In addition, the radon flux
measurement method could influence the device response because it could reduce natural
radon accumulation by diffusion in the volume as ideally happens in free soil. All these
factors make radon flux measurement quite difficult and leads to the need forharmonising
the whole measurement process.
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Diffusion is the main process which allows 222Rn to escape from soil pores to the atmo-
sphere after formation by 226Ra decay when the pressure gradient between the pore soil
interstices is negligible (Nazaroff and Nero, 1988). In spite of sufficient understanding
of the theoretical processes controlling release of 222Rn from the soil to the atmosphere
(Nazaroff and Nero, 1988; Porstendorfer, 1994), understanding of radon flux and its dis-
tribution over the earth is still under question because of the difficulties in obtaining
direct radon flux measurements due to their dependence on all the above cited factors.
Nowadays, researchers used different approaches to overcome the need for labour-intensive
direct observations. Indirect mapping of radon flux has been carried out due to existing
knowledge about parameters related to radon flux and for which more large-scale infor-
mation is available than for radon flux itself. The different approaches have been applied
in order to indirectly map radon flux. The simplest assumption is that of a radon flux
value from the land surface of 1 atom cm−2 s−1 between 60 ◦S and 60 ◦N , of 0.5 atom
cm−2 s−1 between 60 ◦N and 70 ◦N and of 0 atom cm−2 s−1 for the sea (Rash, 2000).
A modification with a linear decrease from 1 atom cm−2 s−1 at 30 ◦N to 0.2 atom cm−2
s−1 at 70 ◦N was proposed by Conen and Robertson, 2002. These estimates are based on
atmospheric 222Rn inventories.
Another approach was developed within the Swiss project European Radon Flux Map for
atmospheric tracer applications by Basel University in 2009. It is based on the determi-
nation of an empirical linear relation between radon flux and terrestrial gamma dose on
a European scale. These last values were extracted during the project from routinely re-
ported emergency monitoring data. These data are available in quasi real time at the Joint
Research Centre of the European Commission of ISPRA (Italy) from each of the 3.600
stations of the national emergency monitoring network in Europe, EURDEP (Szagvary et
al, 2007). Knowledge about the detectors used in each contributing country, detector el-
evation above sea level and the possible contribution from artificial radionuclides, mainly
137Cs, enables the extraction and the spatial modelling of the terrestrial gamma dose (Sza-
gvary et al, 2007). The dose-rate values for the EURDEP network regarding Spain are
provided by the REA, the Spanish Automatic Surveillance Network of the Spanish Nu-
clear Safety Council (CSN). A different option to obtain the terrestrial gamma dose rates
is by radiometric data generated through the Spanish National Uranium Exploration and
Investigation Plan. This work has been developed within the Spanish MARNA project
(Quindo´s et al, 2004; PhD thesis Arnold, 2009). Recently a new indirect method to get
222Rn flux map on regional scale has been developed in the PhD work of Lope´z-Coto,
2011. This method aims to include in the indirect method metereological informations,
gelogical parameters and 226Ra activity in soil which have an extreme influence on radon
exhalation from the soil surface (Grossi et al, 2011). The 226Ra activity wasextrapolated
for this study by uranium concentration conversion factors of the International Atomic
Energy Agency (IAEA) and the uranium activity data were obtained by FOREGS as
explained in the PhD thesis of Lo´pez-Coto, 2011. The information on geophysical soil
property is extracted by a HWSD data base which offers soil parameters with a spatial
resolution of 1 km. Finally, metereological informations were obtained by ERA-40 global
1.2. BACKGROUND 13
re-analysis (PhD thesis Lo´pez-Coto, 2011).
Actually, the most realistic alternative at the moment to obtain an optimal radon map on
the local and global scale seems to require a modest number of high quality direct accu-
mulator measurements at carefully chosen locations, representative of different geological
regions and to extrapolate these measurements, by indirect methods, for similar regions
including the metereological informations (WMO, 2009).
1.2.4 Atmospheric Modelling
Forecast simulations of possible atmospheric releases are performed to assess environ-
mental consequences and to plan the appropriate protection strategy. The atmospheric
dispersion modelling of radioactive plumes is then an important part of emergency pro-
grams that are established for each individual nuclear facility. These are thus needed to
establish source-receptor relationships in order to estimate the atmospheric concentra-
tions or interpret measurements. Backward models are computationally more efficient
and are often preferred when there are more sources than receptors, or when the number
of receptors is limited and the sources are unknown (PhD thesis Arnold, 2009).
The usefulness of radon as a tracer to atmospheric studies has been previously remarked.
In environmental science such studies usually require the use of modelling tools, both in
meteorological as well as in dispersion issues. With the improvement of computer capabil-
ities, numerical models have rapidly spread among the scientific community and so mod-
elling work and model improvements are a hot topic nowadays (Seibert and Frank, 2004;
Stohl et al, 2003). Actually, one of the most used metereological models for mesoscale
analysis by the scientific community is the Weather Research and Forecasting (WRF)
model. The WRF is a next-generation mesoscale numerical weather prediction system
designed to serve both operational forecasting and atmospheric research needs. It features
multiple dynamical cores, a 3-dimensional variational (3DVAR) data assimilation system,
and a software architecture allowing for computational parallelism and system extensi-
bility. The WRF is suitable for a broad spectrum of applications across scales ranging
from metres to thousands of kilometres (http://www.wrf-model.org/index.php). Others
used models are the Integrated Forecast System (IFS) and the American Global Forecast
System (GFS). The IFS is an operational global meteorological forecasting model. It is
developed and maintained by the European Centre for Medium-Range Weather Forecasts
(ECMWF) based in Reading, England. Because of its source, it is often known as the
ECMWF or the ”European model” in North America, to distinguish it from the American
Global Forecast System (GFS). Furthermore, there is the Global Data Assimilation Sys-
tem (GDAS). This system consists of a complex system of data analysis. It has spectral
statistical interpolation (SSI) routine related to a three-dimensional variational analysis
(3DVAR) (Kalnay, 2003).
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As regards Atmospheric Transport Models (ATM), they use mathematical algorithms to
simulate how pollutants in the ambient atmosphere disperse and, in some cases, how they
react in the environment. The dispersion models require input data such as meteorological
conditions, emissions parameters and orography. The meteorological conditions include
wind speed and direction, the amount of atmospheric turbulence, the ambient air tem-
perature and the height to the bottom of any inversion aloft that may be present. The
emissions parameters consist of source location and height, source vent stack diameter
and exit velocity, exit temperature and mass flow rate. Finally, the orography provides
informations about terrain elevation at the source location and at the receptor location,
together with the location, height and width of any obstructions (such as buildings or
other structures) in the path of the emitted gaseous plume (PhD thesis Arnold, 2009).
The trajectory models define the paths of infinitesimally small particles of air traced both
in backward or forward mode. While forward trajectories give information about where an
air parcel will go, backward trajectories show where it comes from. The trajectory models
are fast and not computationally expensive since they use a simple advection schem, and
as they have a simple output, they are easy to represent on a map, this makes them very
attractive to be used. Nevertheless, the computation of trajectories from meteorologi-
cal data (ie. ECMWF) have certain inaccuracies and this becomes a limitation in their
applicability since it should be pointed out that they do not account for dispersion.
Nowadays, one of the most used models by the scientific community are the FLEXPART
model (http://transport.nilu.no/flexpart), a lagrangian particles model capable of simu-
lating dispersion phenomena from the global to the local scale (Seibert et al, 1998; Seibert
and Frank, 2004; Arnold et al, 2010) and the Hybrid Single Particle Lagrangian Integrated
Trajectory model (HYSPLIT), version 4 (http://ready.arl.noaa.gov/HYSPLIT.php).
The HYSPLIT model was developed by the Laboratory of NOAA Air Resources (ARL)
(Draxler and Hess, 1998; Draxler et al, 2009). The HYSPLIT4 usually works with GDAS
meteorological files as input files, but it has been recently modified to work with WRF
meteo files. The HYSPLIT4 was selected to perform the back trajectory analysis in this
thesis because it is user friendly, it can be quickly downloaded online with information
about past courses and it has an optimal visual package which is downloaded with pro-
gram.
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1.3 Thesis Aim and Milestones
The 222Rn is a good tracer for atmospheric studies and for the validation of atmospheric
transport models. Knowing the radon source term as an input for ATM models is re-
quired because this knowledge, together with meteorological input conditions, strongly
influences reliability of the ATM model. Furthermore, having high quality atmospheric
radon concentrations data at different heights can be really useful for comparison with
transport model results, for understanding the atmospheric boundary layer phenomena
on an hourly time scale and, lastly, the data can be assimilated into models. Therefore,
radon was decided to be used as a tracer and the aim of this work is to set-up a new
atmospheric radon station in the South of Europe which will offer high quality data of
atmospheric radon concentration at different heights and at a coastal site. Furthermore,
this thesis aims to study radon flux in this area in order to obtain precise knowledge of
it.
This work contemplated some intermediate milestones that had to be achieved. Each of
them was composed of several study and work steps:
a) The 222Rn flux as an input for atmospheric transport models:
1. Bibliographic research on methods for measuring radon flux both directly and indi-
rectly.
2. Study of the response of the Electret Ion Chamber (EIC) under controlled environ-
mental conditions in the INTE-UPC radon chamber and on soil samples.
3. Validation of an inter-comparison campaign study with different direct and indirect
222Rn flux methods to check the reliability of Electret Ion Chamber (EIC) monitors
in situ in soils.
4. 222Rn flux characterization of the El Arenosillo station; measurement at the El
Arenosillo tower and near the Huelva phosphogypsum pile by direct and indirect
methods.
5. Study of 222Rn flux estimation for surrounding areas of the El Arenosillo station on
a regional scale, in order to appreciate distant radon source contributions.
b) 222Rn gas concentration measurements in the lower atmosphere
1. Bibliographic research on methods for measuring radon gas in air.
2. Development of an atmospheric radon monitor (ARMON) to measure atmospheric
222Rn concentrations. Monitor calibration under controlled environmental condi-
tions in the INTE-UPC radon chamber.
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3. Set-up of two radon monitors at El Arenosillo station at 10 m and at 100 m heights.
4. Statistical analysis of acquired radon concentration data at 10 m and at 100 m
heights at the El Arenosillo station during 2009-2010 and its influence by meteoro-
logical parameters.
c) Origin of air mass quality study on the synoptic scale
1. Selection of the most common synoptic scenarios at the El Arenosillo station.
2. Study by back-trajectory analysis of the origin of air masses reaching the El Arenosillo
station during the selected synoptic scenarios.
The work is presented in the following Chapters:
CAP 2 Material and methods used in this study are presented and described in this
chapter. The Electret Ionization Chamber (EIC) E-Perm is the chosen method for direct
radon flux measurement. Two Atmospheric Radon MONitors (ARMON) were built and
calibrated for atmospheric radon measurements at two heights. Finally, the HYSPLIT4
model was used to perform the back-trajectory analysis. The El Arenosillo station site
and the Huelva phosphogypsum pile are described in this chapter.
CAP 3 A laboratory validation study was done in order to evaluate the response of EIC
E-Perm and of the ARMON monitors for different radon concentration exposures and
under different well-know environmental conditions, in the radon chamber of the INTE-
UPC. Materials and methods used in this study are presented in this chapter together
with discussion of the results.
CAP 4 EIC E-Perm monitors results were validated by a comparison campaign directly
in situ in soil together with other direct and indirect radon flux methods at four sites of
Eastern Spain. Methods and instruments used are presented in this chapter. Results of
the study are reported and discussed.
CAP 5 A laboratory study was carried out to evaluate the reliability of the EIC E-Perm
monitors for radon flux measurement from different volume of soil samples with different
humidity contents. Materials and methods used in this study are presented in this chapter
together with a discussion of the results.
CAP 6 Characterization of the radon flux area, on a local and on a regional scale, in the
surroundings of the El Arenosillo station was performed by direct and indirect methods.
Methods are presented together with the results.
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CAP 7 Atmospheric radon concentrations were measured at El Arenosillo station at 10
m and at 100 m for two years and analyzed together with wind direction and wind speed
parameters in order to study the diurnal and seasonal radon gas behaviour at this station.
Materials and Methods used in this analysis are presented. Results of the whole analysis
are reported and discussed in this chapter.
CAP 8 Observed scenarios of radon concentration measured at El Arenosillo station
were selected for performing a set of back-trajectories. The study allows a qualitative
analysis of the origin of different air masses reaching the El Arenosillo station. Methods
and Results of this study are presented in this chapter.
CAP 9 A summary of conclusions for each work step and the general conclusions of the
thesis are reported in this chapter.
Part II
Instruments, Methods and
Validation studies
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Chapter 2
Materials and Methods
2.1 Introduction
The instruments and methods to be used in this work will be described in detail in this
chapter. The Electrostatic Ionization Chamber (EIC) from the Rad Elec Inc. Company
(www.radelec.com) was used for the 222Rn flux study. This device will be described to-
gether with the accumulation method, which is the theoretical basis of several integrated
and continous radon flux instruments (Nazaroff and Nero, 1988). 222Rn concentration in
atmospheric layers was measured by the Atmospheric Radon MONitor (ARMON) devel-
oped at the INTE-UPC, which is based on the alpha spectrum analysis of the electro-
statically collected 218Po on a PIPS detector (Grossi et al, 2011a). Finally, the transport
model HYSPLIT, version 4, was used to run a set of back-trajectories to analyze the
presence of remote radon sources. Furthermore, the geographical location and the orog-
raphy characteristics of the El Arenosillo station will be presented in order to explain its
selection as an optimal radon station. Finally, the Huelva phosphogypsum pile will be
described because it was chosen as a possible high radon source.
2.2 222Rn flux
2.2.1 The accumulation method
222Rn flux can be measured by both integrated and continuous monitors which are based
on the accumulation method (Morawska, 1989). 222Rn exhaled from the soil surface is
accumulated during a time period (T) in a monitor with a known volume, which was
preliminarily located on the soil surface (De Martino and Sabbarese, 1997). The temporal
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variation of the 222Rn concentration in the chamber is expressed by the following equation
2.1.
dC(t)
dt
=
ERn
Vu
+ λ0C(t) (2.1)
C(t=0)=0 is the initial concentration (Bq m−3) of the radon in the closed volume, ERn is
the exhalation velocity, which is defined as the 222Rn gas quantity leaving the soil in the
time unit (Bq h−1), Vu is the available chamber volume (m
3) and the constant λ0=λ +
λ∗ (h−1) is given by the sum of the 222Rn decay (λ) and the ventilation constant (λ∗). λ∗
quantifies the possible changes of 222Rn with external air because of leaks in the chamber.
Another physical factor which may be taken into account in the 222Rn accumulation is
called back-diffusion and is the possibility of 222Rn being adsorbed back from the soil
surface. This last factor is insignificant for short-time measurements as applied in our
analysis (Morawska and Phillips, 1980; De Martino et al, 1998). The solution of the
Equation 2.1 is the Equation 2.2.
C(t) =
ERn
λ0Vu
(1− e−λ
0t) (2.2)
Figure 2.1: 222Rn accumulation evolution in time inside a closed volume.
In Figure 2.1 the 222Rn concentration accumulation in an closed volume is illustrated (MSc
thesis Grossi, 2006). The value ERnλ
0
−1
V u
−1 (Bq m−3) is the saturation concentration
value exhaled in the air-tight chamber after almost 20 days. In the case of short-time
measurements and negligible leakages in the chamber, λ0t << 1 can be assumed.The
previous Equation 2.2 can be simplified by developing the exponential into Equation 2.3
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which describes a linear relation between the 222Rn concentration in the chamber and
time.
C(t) =
ERn
Vu
t =
FA
Vu
t (2.3)
F(Bq m−2 s−1) is the 222Rn flux and A is the surface area covered by the accumulation
chamber. The linear method (Equation 2.3) is used for continuous methods (De Martino
and Sabbarese, 1997).
C(Rn)Av =
1
T
∫ T
0
C(t)dt =
FxA
λ0Vu
(
1−
(1− e−λ0t
λ0T
))
(2.4)
The radon flux by integrated systems can be measured using the average 222Rn concen-
tration inside the chamber above a given time T calculated by Equation 2.4 (Kotrappa
and Steck, 2009). From Equation 2.3 and Equation 2.4 the 222Rn flux F can be derived,
for both the continuous and the integrated methods, respectively.
Figure 2.2: Comparison between 222Rn concentration evolution expected by the accumu-
lation method and that observed by the continuous monitor measurement
Equation 2.2 is based on the hypothesis that the radon diffusion inside the closed volume
is only due to the concentration gradient between the pore material, which is located
inside the sealed volume, and the air in the volume, while the advection factor due to the
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pressure gradient between the air surface and the pore material is practically negligible.
Nevertheless, when this equation is applied for measuring the 222Rn flux directly in the
soil special attention should be paid. Indeed, in the theoretical curve presented in Figure
2.1 the concentration of saturation takes approximately 30 days to be reached inside
the volume, while continuous radon monitoring carried out directly in situ in soil by
the research groups of the Technical University of Catalonia, Basel University and Huelva
University, saturation was usually obtained in only several hours and with a concentration
of saturation lower than as expected, as is shown in the example of Figure 2.2 and will be
explained in greater depth in the following chapters of this thesis. This could mean that
the radon in some way was not able to enter the volume and the radon exhalation process
was practically modified. This effect could be due to a Darcy effect (Nazaroff and Nero,
1988) which takes into account the pressure difference between free external air and the
air inside the radon flux monitor. However, Equation 2.3 is still true in this case and it can
still be still used for t = 4-5 h. However, mistakes could happen in 222Rn flux evaluation
by integrated methods which use Equation 2.4 or for continuous methods where the first
hours of measurement are carried out under environmental conditions which could have an
influence on radon flux. All these prior observations will be investigated in the following
chapters of this thesis.
2.2.2 EIC radon flux monitors
In order to perform the 222Rn flux study in this thesis the Electrostatic Ionization Chamber
(EIC) instruments developed by the Rad Elec Inc. Company were selected (Kotrappa
and Steck, 2009). The EIC monitors are quite cheap and they do not need any expensive
maintenance. Furthermore, they have both a small and light volume which makes them
really easy to be transported.
Each EIC chamber works as an integrating ionization chamber with an internal electrically
charged electret at the top. A Tyvek window allows the radon gas exhaled from the soil to
enter the electret ion chamber over a time period T. The electret voltage drops in relation
to the total ionized air due to radon decay inside the chamber.The electret voltage is
measured directly in situ before starting measurements and 3 hours after measurements
end, using a portable SPER-1E Electret Voltage from the Rad. Elec. Company. Two
types of monitors are available (Kotrappa and Steck, 2009), both device types consist
of a 960-ml chamber (H chamber) and an electret detector for short-term measurements,
named ST. This configuration is denoted HST. The single device scheme for both monitors
is illustrated in Figure 2.3. Together with these monitors a background monitor has to be
used at each measurement site.
The first type of EIC radon flux monitor will be denoted as RT-EIC from now on, as
it measures both radon exhalation and the contribution due to thoron exhalation from
the soil. The second EIC modified monitor, denoted R-EIC, minimizes thoron response
due to a buffer zone where air enters before reaching the detection chamber. It is rec-
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Figure 2.3: Scheme of the ionization chamber type H (E-PERM) used for radon flux
measurement. The ionization chamber (EIC) is located on the ground (black space) and
the exhaled radon can enter through the Tyvek window (T). The radon concentration is
proportional to the potential drop due to radon decay on the positively charged electret
(E) located on the chamber top in the air chamber.
ommended for high thoron level areas and areas of high permeability (Kotrappa et al,
2004). In this modified monitor, radon and thoron gas, after being exhaled from the soil
surface, diffuse through the Tyvek filter and then pass through a buffer (separator) that
contains four filtered holes specifically designed to reduce the influence of any thoron that
may be present (Kotrappa and Steck, 2009). The measurement protocol for each of these
monitors in situ in soil consistes of the following steps:
1. Ground to be measured is cleared of the debris and loosened
2. A paper towel is placed on the sampled soil as can be seen in Figure 2.4
3. The device is located on the paper towel and then the edges of the monitor are
covered with the soil from the same area to promote sealing of the edges of the
monitor, as it is illustrated in Figure 2.4
4. As soon as the monitor is in position, a pre-measured electret with an initial poten-
tial Vi is screwed into the top of the flux monitor.
5. The initial data and time ti and the location and the electrete code are noted down.
It is important not to touch the electrete surface during this operation or allow
anything else to touch it.
6. Leave the monitor measuring for a time period T = 4-5 h
7. After the measurement time T, pull the monitor out of the ground and hold it in a
low radon area for 3 h to allow radon progeny to decay inside the chamber.
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8. Note down the data and time of the end of the sampling (tf )
9. After these 3 hours the electret is removed from the monitor and the voltage is
measured again. The final potential Vf is noted. Close the monitor with a zero
electret to prevent dust getting inside and put the monitor into an air-tight bag,
which is then closed at a low radon site.
Figure 2.4: A paper towel is placed on the soil after clearing it of debris and loosened soil.
The device is located on the paper towel and then the edges of the monitor are covered
with the soil from the same area to seal them.
The average of radon accumulated (Bq m−3) in the EIC chamber during the sampling pe-
riod T and used in Equation 2.4 for radon flux calculation (Bq m−2 h−1) can be calculated
by Equation 2.5
¯C(Rn) =
Vi − Vf
TCF
− BG (2.5)
CF = A+B
Vi − Vf
2
(2.6)
where CF (Bq m−3 h V−1) is the the calibration factor of the EIC monitor with configu-
ration HST, T is the sampling measurement period and it is equal to tf - ti (h), Vi is the
intial electrete voltage and Vf is the final electrete voltage. BG is the gamma ray compo-
nent given as an equivalent radon concentration (Grossi et al, 2011). The measurement
protocol for the background monitor is the same used for the others monitors. The CF is
calculated by Equation 2.6, where the parameters A and B are given by the manufacturer
for each EIC monitor configuration (Kotrappa et al, 1993). A typical measurement of
radon flux by the EIC monitor is presented in Figure 2.5.
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Figure 2.5: Classical EIC monitors configuration for radon flux measurement at Los
Pedrones site (Spain).
2.3 ARMON: Atmospheric Radon MONitor
The 222Rn concentration monitors for continuous measurements in outdoor air were de-
signed at the laboratory of the Institut de Tecniques Energetiques of the Universitat Po-
litecnica de Catalunya (INTE-UPC). The monitors were named ARMON (Atmospheric
Radon MONitor). The monitor is based on alpha spectrometry of positive 218Po which
are electrostatically collected on a Passivated Implanted Planar Silicon (PIPS) detector
surface by an electrostatic field inside a spherical volume. Each monitor consists of three
modules: a detection volume, an acquisition system for alpha spectrum analysis and an
automatic drying system to keep humidity low inside the detection volume.
2.3.1 Detection volume
As can be seen in Figure 2.6, the detection volume consists of a glass volume divided into
two regions by a metal wire-screen and the detector. The lower region of the instrument
is a glass sphere of approximately 20 L volume, which is uniformly covered internally
with silver. A dew point instrument model Vaisala DRYCAP DMT340 is located in the
uppermost part next to the sensor where the electrical connections are located. The
preamplifier/amplifier is on the outside of the detection volume and it is connected to the
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Figure 2.6: Scheme of an electrostatic sphere used for 222Rn concentration measurements
in the atmosphere.
α-PIPS detector through connections on a PVC lid. The wire screen and the silver surface
are equipotent and the α-PIPS detector is connected to ground. An 8 kV potential is
applied between the detector base and the glass sphere walls. The whole sphere is located
inside a wooden box in order to prevent breakage and electrical discharges to the soil as
reported in Figure 2.7, which shows the spherical detection volume located in the box
and the PIPS detector located in the centre of the cap. The air sample is pumped inside
the sphere with a flow rate of about 5 L min−1. Before entering the sphere, the air goes
through a silica gel tube in order to reduce humidity and then through a Millex-FA50
filter to prevent radon progeny entering the sphere.
2.3.2 Acquisition system and Spectra Analysis
The acquisition system to perform alpha spectrometry consists of a preamplifier model
7401 and an α-PIPS detector model A300 both from the CANBERRA company. A mul-
tichannel (MCA) EASY-USB-2K and the MAESTRO-32 version 6 from ORTEC were
used for the spectra acquisition and analysis. A typical alpha spectrum analysis is shown
in Figure 2.8. Together with 218Po, 214Po and 210Po α decays from 222Rn, α decays from
216Po and 212Po from 220Rn can also be identify. This could also enable thoron to be
analysed in the atmosphere in future studies.
222Rn gas concentration in air is calculated by hourly counting of total alpha decay from
218Po on the PIPS detector surface. 218Po decays by emitting alpha particles with an
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Figure 2.7: Detection volume of the electrostatic sphere ARMON used for 222Rn concen-
tration measurements in the atmosphere. The spherical detection volume is illustrated
together with the volume cap which is made up of a wire screen with a PIPS detector
located at its center
energy of 6.004 MeV. The presence of 210Po, which decays with a half life of 138 d by
emitting an alpha particle with an energy of 5.304 MeV, does not influence the 218Po
analysis because they do not overlap in the spectrum (Figure 2.8). However, the presence
of 220Rn in the detection volume could reduce the Minimum Detectable Concentration
(MDC) of 222Rn measurement because of the thoron product 212Bi on the detector surface.
Indeed, 220Rn decays with a half-life (T1/2) of 56 s via alpha emission into
216Po, which
immediately decays into 212Bi (T1/2 is 0.14 s) by α particle emission.
212Bi has a T1/2 of
61 min and decays in 65 % of the time via beta emission into 212Po, which has a half
life of only 0.3 µs and decays into stable 208Pb by alpha particle emission with an energy
of 8.784 MeV. For 36 % of the time, 212Bi decays into 208Tl by alpha particles emission
with energies of 6. 051 MeV and 6.090 MeV, respectively. There is a branch in these
alpha emissions of 25.4 % and 9.6 % per decay of the parent nucleus. Thallium then
immediately decays into stable 208Pb (Porstendorfer, 1994). Therefore, as consequence of
the above explanation, when radon and thoron are present in the detection volume of
the electrostatic monitor there is a sum effect between the total counts of alpha particles
emitted on the α-PIPS detector surface by 218Po decays, with an energy of 6.004 MeV,
and the total counts due to α particles emitted by 212Bi with an energy of 6.051 MeV and
6.090 MeV.
Anyway, the high spectrum resolution and the prior thoron calibration of the electrostatic
sphere at the INTE laboratory enabled improvements in device sensitivity by reducing
the minimum detected concentrations (MDC) of 25 %, as explained below. Indeed, as it
can be seen in Figure 2.9, the three alpha energy contributions from 218Po and from 212Bi
can be partially resolved. The total counts due to 212Bi decay, which must be subtracted
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Figure 2.8: Typical alpha spectrum analysis of 222Rn and 220Rn in the outdoor atmosphere.
from the total net area from 218Po decay, can be reduced by selecting a specific upper
channel for the Region of Interest (ROI) for 218Po. This leads both to a reduction in MDC
device uncertainties and of radon concentration measurements.
Since 212Bi has an alpha energy higher than 218Po, the upper channel for the ROI of
218Po (Cu) can be carefully chosen in order to subtract only half of the net area from
212Bi interference, as presented in Figure 2.9. The net area of 212Bi alpha was previously
analyzed by a thoron calibration. The upper channel Cu was then selected by dividing
the total bismuth area. The ratio between the total counts of 212Bi and the partial
counts of 212Bi was found to be always 0.56. On the other hand, the proportion of 212Bi
/ 212Po is known to be 0.57. It is now possible to measure 218Po using these two prior
relations. Hence, considering a typical atmospheric air measurement with electrostatic
radon monitors, the total counts of 212Po is measured to be equal to N. This means that
the total counts of 212Bi will be 0.57 · N. Using the selected Cu, it can be estimated
that the counts of 212Bi which interfere with the 218Po area, are equal to 0.57 · 0.56 · N.
This means that 32 % of the total measured counts of 212Po must be subtracted from the
measured counts of 218Po.
30 CHAPTER 2. MATERIALS AND METHODS
Figure 2.9: Spectrum analysis shows a sum of 218Po (6004 keV), 212Bi (6050 keV) and
212Bi (6090 keV).
2.3.3 Drying system
In order to maximize 218Po collection and, hence, increase detection efficiency, it is nec-
essary to dry the sampled air as much as possible before it enters the detection volume.
This will reduce positive 218Po neutralization due to recombination with OH− (Hopke,
1989). Transport and collection of 218Po ions on the detector surface are strongly influ-
enced by humidity in the chamber due to the increase of the probability that they will
be neutralized by OH− ions. The interval time, τH2O, for
218Po recombination during the
[H2O] concentration variations, in an electrostatic chamber was found by Hopke (Hopke,
1989), who obtained a value of 0.879 [H2O]
−1/2 s when the water vapour concentration
is less then 1800 ppm and of about 0.021 s when [H2O] is more than 1800 ppm (Hopke,
1989), where 1800 ppm correspond to 10% of relative humidity for pressure condition of
1 atm and 300 K of temperature (Hopke, 1989). The number of 218Po ions which are not
neutralized at time t are given by Equation 2.7.
N(t) = N0Λt (2.7)
N0 is the initial
218Po isotopes number from the radon decay inside the chamber and
Λ = 1
τ
H2O
is the neutralization probability, which is influenced by the humidity chamber.
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The environmental conditions of temperature and pressure inside the detection volume can
theoretically influence the collection efficiency due to the increase of the kinetic energy of
the ions (PhD thesis Esposito, 2000). Nevertheless, experimental measurements have been
done at the Casaccia (ENEA, Italy) radon chamber for smaller electrostatic chambers and
the results have shown negligible influence of the pressure and temperature parameters
(Roca et al, 2004).
Therefore, the drying system module was designed at the INTE-UPC to automatically
maintain the sampled air as dry as possible inside the detection volume. The whole module
consists of two silica gel tubes and several valves and resistors in order to control air
circulation and heating. The air sample goes alternatively through one of the two silica
gel tubes to be dried, while the other silica gel tube is being regenerated by hot air at
130 ◦C passing through it. Each tube is regenerated for 16 hours and then cooled down
to ambient temperature for 8 hours for a total cycle of 24 hours. In this way, each silica
gel tube will work for one day before being automatically changed and regenerated.
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2.4 HYSPLIT: Hybrid Single Particle Lagrangian In-
tegrated Trajectory Model
The usefulness of radon as a tracer for atmospheric studies has been previously commented
on. In environmental science such studies usually require the use of modelling tools, either
in meteorological studies or in dispersion issues (PhD thesis Arnold, 2009).
In order to analyze the qualitative origin of distant radon observed at the El Arenosillo
station by a set of back trajectories the model HYSPLIT, version 4 (Draxler and Hess,
1998) was used. The HYSPLIT4 model computes simple air mass trajectories as well as
complex dispersion and deposition simulations. The HYSPLIT (HYbrid Single-Particle
Lagrangian Integrated Trajectory) model was chosen for this analysis because it has been
widely validated (Draxler and Hess, 1998) and it is currently one of the most used models
by the scientific comunity (Chambers et al, 2008; Omori et al, 2009; Chan et al, 2010;
Hawkins et al, 2010).
Furthermore, the HYSPLIT model can be run interactively on the READY web site
(www.arl.noaa.gov) or installed on a PC and run using a graphical user interface (GUI).
The PC version comes with a visualization package for results plotting. The trajectory-
only model has no restrictions and forecast or archive trajectories may be computed with
either version. The HYSPLIT Model can run with multiple nested input data grids, on
the website there are links to the ARL and NWS meteorological data server and the
access to forecasts and archives including NCAR/NCEP re-analysis. Furthermore, there
are additional softwares to convert MM5, RAMS, COAMPS, WRF, and other data to an
input for HYSPLIT. Finally, there are several utility programs to display and manipulate
meteorological data.
The ARL web server contains several meteorological model data sets already converted
into a HYSPLIT compatible format on the public directories. GDAS meteorological
data fields were used for back-trajectory analysis in this thesis. The GDAS files can be
extracted from the ARL website (http://ready.arl.noaa.gov/archives.php) and they are
saved every 6 h on a hemispheric projection at 191-km resolution.
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2.5 The El Arenosillo station
Figure 2.10: Europe (left) and the location of the El Arenosillo station on the southern
coast of Spain with wind sectors for each specific geographic area (right).
The El Arenosillo atmospheric sounding station is part of the National Institute of
Aerospace Technology (INTA - www.inta.es) and it is located on the south-west Atlantic
coast of Spain (37.1N/6.7E), as shown in Figure 2.10. The El Arenosillo station has a
100-m-high tower. This station is located at 25 km from the city of Huelva and only
700 m from the coast as shown by Figure 2.11. The El Arenosillo station is sited within
the Don˜ana National Park, a 105-ha national park and wildlife refuge. The El Arenosillo
station is a strategic point for meteorological studies, since it is located in the far west of
Europe and is one of the first areas to receive air masses coming from the Atlantic Ocean.
Furthermore, air masses from European regions and from Africa may also cross this area
due to the fact that the El Arenosillo station is located at the end of the Guadalquivir
valley, which acts as a natural channel for the transport of air masses from the Atlantic
Ocean towards the Iberian Peninsula.
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Figure 2.11: Location of the El Arenosillo tower in the Don˜ana National Park and at 700
m far from the Atlantic coast
A detailed metereological characterization of this area was carried out by Herna´ndez-
Ceballos in his doctoral research (PhD thesis Hernandez-Ceballos, 2011) in order to find
out the air mass pathways reaching the El Arenosillo area. According to this study, this
area is typically affected by five different air masses: the Arctic, the Tropical, the Polar,
the Continental and the Saharan. The Saharan comes from the Sahara desert, while the
Continental air mass arises in the European continent and Mediterranean areas. Another
important feature of this location is its proximity to the coast as it is shown in Figure 2.11.
Indeed the 222Rn exhalation is usually of the order of 30-50 Bq m−2 h−1 for land, while it
is considered zero for sea (Schery and Huang, 2004). This means that the radon-poor air
masses coming from the sea or radon-rich air masses coming from the continent can be
identified and can allow studies on synoptic and mesoscale transport (Zahorowski et al,
2004). Finally, the El Arenosillo meteorological tower is completely surrounded by pine
forest and dunes as illustrated in figure 2.12 which means that the soil is totally made up
of sand. Usually, sand is poor in radium and this could possibly mean a low radon flux
in this area (Nazaroff and Nero, 1988).
All these characteristics suggest that the El Arenosillo area is a natural low radon back-
ground zone where analysis of long-distance radon contribution transport can successfully
be carried out without any significant contribution from the local radon concentration
noise.
2.6. THE PHOSPHOGYPSUM PILE OF HUELVA 35
Figure 2.12: The 100 m tower located at the El Arenosillo station in the South of Spain.
2.6 The Phosphogypsum Pile of Huelva
Only 23 km away from the El Arenosillo station, located in the city of Huelva, is a
phosphogypsum pile (PG), where phosphogypsum has been accumulated for the last 50
years by a fertilizer company. The phosphogypsum pile has reached a total covered area of
12 km2 and weighs 80 Mt of weight (Bolivar et al, 1996). It is located in the south-west of
Spain, exactly in the estuary formed by the Odiel and the Tinto rivers. Figure 2.13 shows
the Huelva phosphogypsum pile. In the 90s the Huelva PG pile was considered to be a
radiological surveillance area by the European Union because of a possible radioactive
impact on the atmospheric and aquatic environment, due to the high activity of 226Ra in
the PG, which is about 600 Bq kg−1 (Bolivar et al, 1996; Bolivar et al, 2002). Indeed,
the phosphogypsum is a waste product of the phosphoric acid production process. The
phosphoric acid (H3PO4) is obtained by the chemical processing of phosphate rocks and
present high levels of natural uranium radionuclide (Guimond and Hardin, 1989). During
the phosphoric acid production process, the phosphogypsum is also co-produced and is
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Figure 2.13: Phosphogypsum pile location in Huelva, between the Odiel and Tinto rivers,
located 23 km far from the El Arenosillo station. The phosphogypsum pile is made up of
three different zones: a restored area (Zone 1), an active area (Zone 2) and a not active
but not still restored area (Zone 3).
then stored in a pile (Bolivar et al, 1996; Guimond and Hardin, 1989; Bolivar et al, 2002).
About 5 tonnes of phosphogypsum are generated for each tonne of manufactured 3PO4
(Perez et al, 2010).
The Huelva phosphogypsum pile is interesting to study in this thesis because it could
be a point and remote high radon source on the radon concentration measured at the El
Arenosillo station due to the high 226Ra activity content in phosphogypsum (Bolivar et al,
1996; Bolivar et al, 2002). Indeed, the 222Rn potentially exhaled from the phosphogypsum
pile surface could reach the El Arenosillo station due to air mass movement (Arnold et
al, 2010).
The Huelva PG pile can be subdivided into three different areas as it is presented in
Figure 2.13; Zone 1 which was restored in 1992 by the regional government of Andalusia.
It is the oldest pile area and the closest to the Huelva city centre. During the restoration
process this area was totally covered with 30-cm-thick natural organic soil. Zone 2 has a
size of 238 ha and was the last active zone until the end of 2010 when the phosphogypsum
production stopped. This zone is composed of two pools for irrigation and drainage of
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phosphogypsum. Each pool is about 75 ha and they are located 10.5 m above sea level.
Finally, Zone 3 is 211 ha large. This is an area completely covered with phosphogypsum
and is presently used as a safety zone in case of water flooding (Technical Report CSN,
2011; PhD thesis Lo´pez-Coto, 2011).
The possible radioactive impact due to the presence of the fertilizer industry in the city
of Huelva has also been widely evaluated in different studies in the past by measurement
of natural radioactivity in water and superficial sediments (Martine´z-Aguirre et al, 1994;
Bolivar et al, 1996; Bolivar et al, 2002). Past analyses have shown activity concentrations
between 500 and 1500 Bq kg−1 for some radionuclides from the decay chain of 238U.
These concentrations are averagely 20 times higher than in typical unperturbed soils and
sediments. On the other hand, concentrations of 232Th and of 40K seem to show typical
values as well as in unperturbed soils and 137Cs activities were below the limit of detection
(Bolivar et al, 2002; Duen˜as et al, 2007).
Furthermore, Duen˜as found out a significant difference between the radon exhaled from
different areas of the PG pile in Huelva (Duen˜as et al, 2007). Generally, the 222Rn flux
from the unrestored area (Zone 2) was observed to be 50 % lower than in the active PG
stack (Zone 3) (Duen˜as et al, 2007). This study also observed that the radon flux in the
restored area (Zone 1) was approximately eight times lower than the active zone. The
method used by Duen˜as to carry out 222Rn flux measurements involved the adsorption of
radon on activated charcoal (Duen˜as et al, 2007). The detector was placed on the surface
of the soil to be measured and was allowed to collect radon for a time period of up to 24
h. The radon gas collected on the charcoal was then measured by gamma spectrometry
of its progeny. 222Rn flux values in the restored pile (Zone 1) were founded between 40
and 700 Bq m−2 h−1 (Duen˜as et al, 2007). In the unrestored area (Zone 3) the radon flux
measurement were located in an interval from 180 to 1100 Bq m−2 h−1. Finally, in the
active pile (Zone 2) the radon flux measured by Duen˜as varied between 700 and 5500 Bq
m−2 h−1 (Duen˜as et al, 2007). Another study of 222Rn flux from the Huelva PG surface
carried out by Abril shows an interval value between 28 and 1000 Bq m−2 h−1 over the
total pile surface (Abril et al, 2009). These cited studies were both performed by activated
charcoal.
Nevertheless, it is important to bear in mind that the exhalation of 222Rn from a soil
surface is significantly influenced by soil characteristics and, particularly, by the humidity
content in the soil material which drastically reduces the diffusion length of the gas in
the pore space (Nazaroff and Nero, 1988; De Martino and Sabbarese, 1997). High water
content in soil can drastically reduce radon exhalation (Nazaroff and Nero, 1988) and
therefore a careful study should be carried out in order to understand how humidity
content can influence radon exhalation from the phosphogypsum material. Furthermore,
the measurement methods should be properly validated in order to evaluate any possibile
influences on the radon flux measurement itself (Grossi et al, 2011).
Chapter 3
EIC and ARMON monitors response
under controlled environmental
conditions
3.1 Introduction
In this chapter the methods and the results of the EIC E-Perm and of the ARMON moni-
tors calibrations are reported. The EIC monitor, with a chamber H for radon flux monitor
measurement, presented in Section 2.2.2, and with a smaller chamber S, of 200 mL vol-
ume, were calibrated in the INTE-UPC radon chamber under controlled environmental
conditions and were then compared with others continuous and integrated radon monitors.
This comparison was done in colaboration with the Universitat Autonoma de Barcelona
(UAB). Results will be reported in this thesis only for EIC monitors whereas the whole
study will be presented in a future indexed paper in collaboration with the UAB group.
The calibration of the ARMON monitors, introduced in the Section 2.3, was also carried
out in the INTE-UPC radon chamber and its results will be presented in the following
sections of this chapter (Vargas et al, 2004 and Vargas and Ortega, 2006). Particularly,
the EIC monitors response under controlled environmental conditions was studied and
compared with others integrated and continuous radon instruments of the UAB group.
Preliminary results of this comparison study were presented at the II Congress of the
Spanish Society of Medical Physics (SEFM)) and the Spanish Society of Radiological
Protection (SEPR) on May 2011 (Moreno et al, 2011). Actually, the calibration factor
of EIC monitors is given by the producer and theoretically they should not be influenced
by environmental parameters (Kotrappa and Stieff, 1994; Vargas and Ortega, 2006; Sori-
machi et al, 2009). However, a single study by Mahata found out a linear increase of
measured radon concentration with increasing humidity, from 30 % RH up to a value of
85 % RH (Mahata et al, 2001). This last study seems to have not been properly carried
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out so a new calibration study should be done to clarify this point. On the other hand, the
influence of humidity and temperature on the ARMON monitor efficiency was analyzed
for the first time.
3.2 Metods and Results
3.2.1 The INTE-UPC radon chamber
The INTE radon chamber enables stable radon concentrations reference values to be
obtained and controlled conditions of temperature (◦C) and of humidity to be set (Vargas
et al, 2004). In Figure 3.1 the radon chamber, used for the radon instruments response
study and its control panel are presented.
Figure 3.1: The radon chamber at the INTE laboratory (UPC) is presented here with its
control panel
It is a 20 m3 chamber located at the INTE-UPC radon laboratory. The chamber walls
are made of 2-mm-thick welded stainless steel sheets to make the structure airthight.
The radon source inside the chamber consists of a dry powder material containing 2100
KBq of 226Ra, which is enclosed in the source container (model RN-1025 manufactured
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by Pylon Electronics). All (100%) of the radon gas produced escapes from the dry powder
source material. The generated radon activity is transported by an airflow in which
the moisture has previously been removed by silica gel. A programmable logic controler
(model Omron ZEN 10C1AR-A) enables control of the radon exhaled from the source
to pass into the chamber or go outside by an On/Off signal. This system gives high
radon concentration stability during calibration exposures. Furthermore, the chamber
has a ventilation rate control system (0-6 m3 h−1) in order to minimize the radon activity
concentration gradients inside the chamber, radon activity exhalation is injected at the
inlet of the air conditioning system and is dispersed at the outlet by means of a diffuser
for a radon uniformity greater than 5 %. Using the INTE radon chamber, a radon
concentration range between 100 Bq m−3 to 30 kBq m−3 was obtained and measurement
cycles were performed with different radon concentration references.
The radon concentration in the reference chamber is measured by alpha spectrometry
from the ATMOS 12 DPX monitor (Vargas et al, 2004 and Vargas and Ortega, 2006).
The monitor, was calibrated at the Physikalish-Technische Bundesanstalt (PTB) by com-
paring the reading with a primary standard ATMOS. The alpha-spectra obtained with
the ATMOS reference instrument is analysed in order to estimate radon concentrations.
The uncertainty in radon concentration measured by the ATMOS monitor is of about 10
% with a coverage factor of K = 2, which corresponds to a coverage probability of the 95
%.
Finally, the temperature in the radon chamber is regulated using a commercial refrigera-
tion unit with an electrical heating. Furthermore, there are an humidifier and a dehumid-
ifier devices which can modify the relative humidity. External PC software continuously
controls both the temperature and the relative humidity. The temperature is maintained
between ± ◦C for the 10-40 ◦C range, and the relative humidity is kept between ± 2.5 %
from 15 % to 95 % (Vargas et al, 2004).
3.2.2 EIC monitors calibration and Results
The study of the response of R-EIC and RT-EIC radon flux monitors under controlled
environmental conditions was carried out in the INTE-UPC radon chamber. The EIC
radon flux monitors with HST configuration, a H chamber and a Short Term electret
(ST), and with the HLT configuration, a H chamber with a Long Term (LT) electrete,
were calibrated during this study. The R-EIC and the RT-EIC monitors with a HST
configuration were compared directly with the ATMOS 12DPX in the INTE-UPC radon
chamber with a radon exposure concentration of 5.0 ± 0.5 kBq m−3 for an exposure time
of 3 h and with standard conditions of temperature (T= 20◦C) and humidity (45%). On
the other hand, the EIC monitors with a HLT configuration were compared with other
integrated and continuous instruments used by the Autonomous University of Barcelona
(UAB). The comparison between these devices was made for atmospheric radon con-
centrations exposure between 18 and 25 kBq with exposure time periods of 70 h. The
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temperature conditions ranged between 10◦C and 30◦C. The humidity interval was from
30% to 85%. Furthermore, together with the two types of EIC monitors, with HLT and
HST configurations, the INTE-UPC Group also exposed 10 integrated EIC monitors with
an SLT configuration, S chamber of 200 ml and a Long Term electret (LT). To sum up, 21
RT-EIC (HST) monitors, 10 RT-EIC (HST) monitors, 4 R-EIC (HLT) monitors, 5 R-EIC
(HLT) monitors and 10 SLT monitors were used during each exposure.
Figure 3.2: Variation of ratio CRn(EIC)/ CRef for each SLT (triangle), RT-EIC (square)
and R-EIC (circle) monitor with configuration HST (black) and HLT (grey)
The following integrated and continuous detectors were also used by the UAB research
Group during the comparison study. Continuous used monitors were: an ATMOS 12DPX
(Gammadata Instrument), an AlphaGUARD (Genitron Instruments GmbH, Frankfurt,
Germany), a Clipperton (Font et al, 2008) and a RAD7 monitor (Durridge). Furthermore,
others integrated radon detectors were used by the UAB Group such as the Makrofol DE
(policarbonate) FzK FN, the CR-39 policarbonate (Gammadata Instrument) and the
LR-115 films. This part of the study was financed by a contract agreement between the
INTE-UPC and the UAB within the framework of the project Study of Environmental
Radiological Surveillance Instruments and Radon Measurement under Extreme Environ-
mental Conditions, which was commissioned by the Spanish Nuclear Safety Council (CSN)
to the Autonomous University of Barcelona (UAB).
In Figure 3.2 the ratio CRn(EIC)/ CRef for each R-EIC and RT-EIC monitor with HST,
HLT and SLT configurations is shown. CRn(EIC) is the radon average concentration mea-
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Figure 3.3: Efficiency detection of two ARMON monitors calibrated at the INTE-UPC
radon chamber
sured by the EIC monitor for each configuration type in the INTE-UPC radon chamber
during exposures under standard environmental conditions (T = 20◦C and U = 45 %).
CRef is the radon reference concentration in the INTE-UPC radon chamber measured
by the ATMOS monitor. The ratio CRn(EIC)/CRef is equal to 1 with an uncertainty of
20 %, which confirms they are not significantly influenced by environmental conditions
(Kotrappa et al, 2004).
3.2.3 ARMON Monitors Calibration and Results
The two atmospheric continuous radon monitors (ARMON) were calibrated directly us-
ing the radon reference concentration obtained inside the INTE-UPC radon chamber
measured by the ATMOS 12DPX. Monitors calibration was performed under different
humidity and temperature conditions which were setted inside the radon chamber in or-
der to study the ARMON monitor detection efficiency. Air sampled from the INTE radon
chamber was pumped inside the detection volume of the monitors to be calibrated, which
were located outside the chamber. The automatic drying system enabled absolute humid-
ity values to be kept below 1500 ppmV. The continuous radon monitor calibration results
performed at the INTE-UPC laboratory using the National Spanish Radon Chamber are
shown in Figure 3.3. The monitor efficiency was 0.37 cpm per Bq m−3 and 0.40 cpm per
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Bq m−3 with a correction factor for the humidity inside the sphere of 3 · 10−5 per ppm.
The Minimum Detectable Concentrations (MDC calculated by Currie, 1968) are 202 mBq
m−3 and 219 mBq m−3, respectively. The most sensitive device was used to analyze radon
air at 100 m of height, where a lower radon concentration was expected, while the other
monitor was used at 10 m.
Chapter 4
EIC radon flux response study by
laboratory measurement
4.1 Introduction
Both the reproducibility and the reliability of the EIC radon flux monitor results were
also tested by laboratory measurement on soil samples of phosphogypsum, which is a
material with a high radium activity concentration, at the INTE-UPC radon laboratory.
Subsequently, the influence of water content on the soil sample and the measured radon
flux was tested with a reference method. Finally, the theoretical radon accumulation curve
on soil samples and on a radon exhalation bed was studied. Results and conclusions of
this study are presented in this chapter.
4.2 Material and Method
In order to study the EIC monitors response and to analyze the radon flux variation
due to the humidity content in the soil or the environmental conditions present in the
accumulation volume, a set of laboratory measurements were carried out using phospho-
gypsum material samples. Three different dried samples from the same source material
were selected, with weights of 10 kg, 280 g and 44 g respectively. The radium activity
concentration of the source material was 550 Bq kg−1 and it was collected from the Huelva
phosphogypsum pile presented in the section 2.6. The phosphogypsum material was se-
lected for this laboratory measurement because of its high radium activity concentration
and because the phosphogypsum pile is located close to the El Arenosillo station, the site
which will be characterized during this thesis work. This laboratory study will also aim
to better understand the radon exhalation process from phosphogypsum.
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4.2.1 EIC 222Rn flux monitor response
The reproducibility of the EIC monitor response was studied using a 10 kg phosphogypsum
sample which was used to built a radon exhalation bed and could therefore approximately
represent an ”in situ” measurement. The 10 kg of material was previously separated
into 40 different parts and dried at T = 110 ◦C for 12 h. When the separate parts
had cooled down, they were mixed together and placed in a rectangular plastic box of
dimension 20 cm x 20 cm x 40 cm. The 222Rn flux measurements by RT-EIC monitors,
with a HST configuration, following the protocol measurement presented in Section 2.2.2,
were carried out each day for 9 days and at the same time (10 am - 15 pm). A typical
measurement is shown on the right-hand side of Figure 4.1. These RT-EIC monitor results
were compared with a reference radon flux method, which was devised at the INTE-UPC
radon laboratory. The method uses a 3.72 L Glass Measurement Jars with a circular
opening of 9.4 cm of diameter (http://radelec.com). The glass bottle is located upside
down on the soil surface. An EIC monitor in the SST configuration is located on the top of
the bottle as is illustrated on the left-hand side of Figure 4.1. This method is based on the
accumulation theory introduced in the Section 2.2.2. The radon concentration increased
during 8 h is measured by the voltage difference on the electret ST. The SST monitors
had been previously calibrated in the radon chamber of the INTE-UPC laboratory as
described in Section 3.2.2. The glass bottle prevents any possible radon leak.
Figure 4.1: Reference method for radon flux study on the exhalation bed (on the left)
and RT-EIC radon flux monitor measurement (on the right).
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4.2.2 Specific Results: EIC 222Rn flux monitor response
The 222Rn flux measurement results by RT-EIC monitors with a HST configuration are re-
ported in Figure 4.2 together with the reference radon flux measurements by EIC monitor
with an SST configuration in a glass bottle which is indicated by a violet bar. The 222Rn
flux results by EIC monitors with a HST configuration are perfectly reproducible and are
in agreement with radon flux measured by the sealed method with an SST chamber. The
average radon flux for this dry phosphogypsum soil sample was estimated to be 33 ± 5
Bq m−2 h−1.
Figure 4.2: Radon flux with RT-EIC monitor was measured several times (N= 1-9) in
laboratory condition on the same soil sample (dry weight Wd = 10 kg) and compared
with the reference radon sflux method (measure N=10) to confirm the monitor response.
4.2.3 Influence of water content on 222Rn exhalation
The radon exhalation rate (Bq h−1), which represents the velocity of radon to escape from
the pore material, was measured using phosphogypsum soil samples of 44 g and 280 g
, rispectively. A study on the variation of the radon exhalation rate in relation to the
soil water content was carried out on both soil samples. Each of the two soil samples
was located in a 3.72 L glass measurement jar with a rubber sealing collar as presented
in the Figure 4.3. This method is based on the measurement of radon concentration
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accumulated in the closed volume for 24 h, with the hypothesis that the sample size was
small enough to measure all the emanated radon (De Martino and Sabbarese, 1997). The
radon concentration inside the volume was measured with a EIC monitor in the SST
configuration, located on the top of the volume as shown in Figure 4.3. The sample
humidity is given in percentage of weight present in the soil sample due to the water. It
is calculated as (Ww - Wd)/Wd, where Ww is the wet sample weight and Wd is the dry
sample weight (Nazaroff and Nero, 1988).
Figure 4.3: Measurement system for radon exhalation rate of small soil sample by EIC
monitor with an SST configuration.
4.2.4 Specific Results: The influence of water content on 222Rn
exhalation
The 222Rn exhalation rate (Bq h−1) results from two phosphogypsum soil samples of 44
g and 288 g are reported in relation to the soil sample humidity content in Figure 4.4.
The initial increase observed in the exhalation rate of the soil sample in Figure 4.4 is then
followed by a significant decrease when the water content in the sample is above 25 %.
This result is in agreement with results from the literature such as those of Morawska and
Phillips, 1980; Nazaroff and Nero, 1988; De Martino and Sabbarese, 1998). Obviously,
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the radon exhalation rate, which represents the Bequerels exhaled per hour from the
material, seems to increase when the soil sample size increases as it can be observed in
Figure 4.4 when the hypothesis of small volume is still real (Morawska and Phillips, 1980).
Neverthless, the 288 g soil sample shows the same exhalation rate, of about 0.6 Bq h−1,
of the whole 10 kg phosphogypsum sample which has shown an exhalation rate of 0.59 ±
0.11 Bq h−1. This confirms the fact that when the soil sample is large, not all emanated
radon in the pore material will be able to travel to the soil-air interface (Nazaroff and
Nero, 1988).
Figure 4.4: Total radon exhalation rate was measured on two phosphogypsum soil samples
with different weights (44g and 280 g) by laboratory measurement in relation to their
humidity content.
In Figure 4.5 the curve of radon exhalation rate per unit of mass is obtained from the
results in Figure 4.4 by dividing by the soil sample mass. Values for both soil samples
are in agreement, which confirms the fact that all radon emanated in these two small soil
samples is still able to diffuse in the sealed bottle volume. In addition, values observed
for radon exhalation rate per unit of mass in this soil material are between 0.002-0.004
Bq kg−1 h−1 which is in agreement with lowest values reported by Nazaroff of 0.002-0.02
(Nazaroff and Nero, 1988).
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Figure 4.5: Total radon exhalation rate for unit mass on two phosphogypsum soil samples
with different weights (44g and 280 g) in relation to their humidity content.
4.2.5 Influence of environmental conditions on 222Rn flux mea-
surement
In order to investigate the possible influence of environmental condition variation inside
the accumulation chamber several experiments were carried out at the INTE-UPC labo-
ratory. The 222Rn flux from the phosphogypsum material was continuously measured by a
DOSEman monitor (SARAD GmbH) which was located iniside the 3.72 L Glass Measure-
ment Jars instead of the integrated EIC monitor used for the previous experiments. An
EasyLog USB (Lascar Electronics) sensor was also included inside the volume in order to
check the temperature and humidity variation inside the volume. Measurements of radon
concentration inside the glass bottle were done using the configuration presented in Figure
4.3, with the phosphogypsum sample located inside the sealed volume, and with the con-
figuration presented in Figure 4.1, with the glass bottle located upside down on the soil
surface of the phosphogypsum exhalation bed. Hourly measurement of 222Rn gas concen-
trations inside the volume were performed for several days in both experiments, in order
to observe evolution in time. The DOSEman monitor measures the 222Rn concentration
by α spectroscopy of 218Po and 216Po.
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Figure 4.6: 222Rn concentration exhaling from a phosphogyspum soil sample and from a
phosphogypsum exhalation bed measured hourly by a DOSEman monitor.
4.2.6 Specific Result: Influence on the 222Rn flux measurement
Results of 222Rn concentration measured inside the glass volume when the phosphogyspum
soil sample is sealed inside it and when the glass volume was located upside down on the
posphogypsum exhalation bed are presented in Figure 4.6. It is evident how the theoretical
accumulation curve properly describes the case where the soil sample is sealed inside the
closed volume and the only affecting term to the radon diffusion inside the volume is the
radon concentration gradient between the pore material and the free air. On the other
hand, when the material/air system is not sealed, such as for in situ measurement, there
is an air exchange between the accumulation air volume and the external air which can
significatly reduce the radon exhalation. Several measurements were carried out to confirm
this behaviour of radon concentration when it is accumulated from in situ measurement
as shown in Figure 4.6 and in Figure 4.7.
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4.3 Specific Conclusions
The radon flux results measured on the exhalation bed of phosphogypsum soil by RT-EIC
radon flux monitors with a HST configuration located directly on the soil surface and with
an SST configuration, located inside a sealed glass bottle, show reproducible results and a
good agreement which confirms the reliability of RT-EIC HST radon flux monitors for in
situ measurement. The radon flux measured for the phosphogypsum soil was quite low,
only about 33 ± 5 Bq m−2 h−1, if compared with material 226Ra activity concentration
of 550 Bq kg−1. This result was confirmed by hourly radon concentration measurements
performed by DOSEman monitor which show a slope during the first 5 hours in the radon
concentration accumulation of a sealed soil sample and on the exhalation bed which
shows a radon flux of 39 ± 8 Bq m−2 h−1. These results could be explained by the
low diffusion coefficient of radon gas in the phosphogypsum, which has been discussed
elsewhere (Nazaroff and Nero, 1988). Furthermore, the radon exhalation rate, which
represents the bequerel exhaled per hour from the material, seems to increase when the soil
sample dimensions increase from 44 g to 248 g (Morawska and Phillips, 1980). Neverthless,
the 288 g soil sample shows the same exhalation rate observed from the exhalation bed,
with a values of 0.6 Bq h−1, which confirms that not all the radon emanated in the pore
material will reach the soil-air interface and then exhaled to the free air.
In 1986, Andrew found out that if C0 is the initial radon concentration, only under
diffusive transport, at distant x the concentration C(x) will be given by Equation 4.1
C(x)=Co e−x/L (4.1)
L is the diffusion length (m) and is equal to the square root of the ratio between the
diffusion coefficient Dc and the radon decay constant λ. Solving this equation it shows
that only the 37 % of the initial radon concentration will travel a distance L, only the 13
% of Co will reach the distance 2L and so on (Andrew and Wood, 1972). The diffusion
coefficient of 222Rn gas in common soils is of about 10−7 m2 s−1 (Nazaroff and Nero, 1988).
This means it will be able to travel a lenght of 30 cm. Laboratory results for different
phosphogypsum soil samples show an exhalation rate for phosphogypsum soil of 0.5 Bq h−1
(Figure 4.4) also for the largestsoil sample of 10 kg in weight and 0.02 m3 of volume. This
will confirm the small radon diffusion coefficient in phosphogypsum which, qualitatively,
is the order of 10−8 m2 s−1. Finally, results of radon flux measurements carried out by
continuous DOSEman monitors on an exhalation bed show a very rapid saturation of the
radon concentration inside the accumulation volume which occurs in the first 8-10 hours.
Although more detailed studies are needed to understand this phenomenon, it seems to be
due to a pressured gradient presence between the internal air volume and the external free
air. However, fast radon flux measurements during the first 1-3 hours are recommended
in order to avoid this problem of saturation.
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Figure 4.7: 222Rn concentration exhaling from a phosphogypsum exhalation bed measured
by a DOSEman monitor. Environmental parameters inside the accumulation volume were
also measured by EasyLog USB sensor.
Chapter 5
in situ EIC monitor response study
in soils
5.1 Introduction
The EIC Radon flux monitor reliability was tested by an in situ inter-comparison cam-
paign in soil, which was performed in the summer of 2008 in the centre-east of Spain.
Different systems to directly measure radon flux from the soil surface and to measure the
related parameters of terrestrial γ dose and of 226Ra activity in soil, for indirect estima-
tion of radon flux, were compared during this campaign. Four eastern Spanish sites with
different geological and soil characteristics were selected: Teruel, Los Pedrones, Quinta-
nar de la Orden and Madrid. The participating members involved in the campaign study
were the Institute of Energy Technology (INTE) of the Technical University of Catalonia
(UPC), the Huelva University (UHU) and the Basel University (BASEL).
The measurement campaign of radon flux, across Eastern Spain, was performed in the
middle of July, 2008. In order to avoid rainy episodes that may influence the soil humidity
(Nazaroff and Nero, 1988) described in the Chapter 4 of this thesis, the terrestrial γ dose
rate (Szagvary et al, 2007) or the radon flux. The campaign was carried out during the
most typical eastern Spanish climate conditions. The radon flux (Bq m−2 h−1) and the
terrestrial gamma dose rates (nSv h−1) were measured at each site by several monitors
and at different points in order to get average analysis values. 226Ra activity (Bq kg−1)
was determined in the laboratory by gamma spectrometry on soil samples collected during
the campaign. Each parameter was determined with different equipment by the campaign
members in order to compare results.
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5.2 Material and Methods
5.2.1 Sites
Four eastern Spanish sites were selected in this measurement campaign. The chosen
locations were Teruel, Los Pedrones, Quintanar de la Orden and Madrid. The location
characteristics, the average humidity and the temperature conditions during the measure-
ment campaign are shown in Table 5.1. These locations are included within the Spanish
Automatic Surveillance Network (REA - www.csn.es) which allows an evaluation between
our measurements of terrestrial γ-dose rates with the routine REA data. Furthermore,
this choice of sites promised a wide range of radon flux values to be obtained, as suggested
by the European radon map which will be introduced in Figure 6.1 (Szagvary et al, 2009).
Finally, direct measurements were considered a validation of the anomalously high radon
flux values indicated by this map in comparison to the rest of Europe.
Table 5.1: Overview of Sites
Site Latitude Longitude Height (m) R.H. (%) T (◦C)
Teruel 40.45 -1.06 1082 33-36 30-33
Los Pedrones 39.47 -0.77 678 50-60 22-25
Q. de la Orden 39.79 -3.54 693 48-53 22-26
Madrid 40.58 -3.62 682 37-50 25-31
5.2.2 Terrestrial γ-dose rate
The total gamma dose measurements were performed at each station at 1 m above ground
level with the following portable monitors. A High Pressure Ionization Chamber RS-112
(HPIC, GE Reuter-Stockes, Inc.) was used by the INTE-UPC. This model has a volume
of 4.2 litres. It is filled with argon gas at a pressure of 25 atm. Its measurement range
is between 10 nGy h−1 and 5 µGy h−1 with a precision of 5 %. A GammaTRACER
(Genitron Instruments GmbH, Frankfurt, Germany) with a dual Geiger-Mu¨ller tube was
used by the Basel University. This device has one tube with 110 pulses per min at 100
nSv h−1 and another tube with 0.2 pulses per min at 100 nSv h−1. The measurement
range is between 10 nSv h−1 and 10 Sv h−1. A proportional counter probe LB 123D
by the Berthold company was used by the UHU. Its sensitivity is 0.20 µSv h−1 per 1
cps. The energy range is from 30 keV to 2 MeV. The dose rate range covers 6 decades
from 50 nSv h−1 to 10 mSv h−1. All devices were located within 5 m of each other.
The measurements represent the total γ dose rate. They include a terrestrial component,
mainly from 40K,238U, 232Th and their progeny, a cosmic component, principally muons,
an anthropogenic component, largely from 137Cs, and an inherent background due to
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the measurement devices. The terrestrial natural gamma dose rate was obtained by
subtraction of all the other components such as the cosmic component. The cosmic
component subtracted at all sites, which have an altitude ranging between 680-1080 m,
was of 30 ± 5 nSv h−1 (Wissmann et al., 2007).
Terrestrial dose-rate data have also been used, for indirect radon flux calculations, from
the MARNA map (Quindo´s et al, 2004), which has a spatial resolution of 1 km, and from
the European radon map (Szagvary et al, 2009). The REA Network has an automatic
radiological station (REA) at each site which consists of dual Geiger-Mu¨ller tubes, model
BAI9305 from the Berthold company, to observe both low and high γ doses. Two data
series were extracted from the REA Network, one is directly provided by the Spanish
Nuclear Safety Council (CSN) and the other was corrected according to an optimization
quality study carried out by Sae´z-Vergara (Sa´ez-Vergara et al, 2002). This last correction
was effectively done by a comparison between the reference CIEMAT dose-rate monitors,
located at a standard height of 1 m above ground level, and the REA dose-rate monitors.
5.2.3 226Ra Activity
Soil samples were collected at each campaign station at different depths between 0 and
70 cm by rock sampling techniques. The soil samples of 100 g in weight were then put
into air-tight Petri dishes of 100 ml in volume. The Petri dishes were kept for 30 days to
allow the 226Ra to reach secular equilibrium with its short-lived progeny. The soil samples
were then analyzed at the INTE-UPC and at the UHU laboratories by 214Pb and 214Bi
radium progeny γ-spectrometry. 226Ra activity was also measured with another method.
This method uses acquired terrestrial γ dose from all the natural radio nuclides (Dtot) to
obtain the 226Ra contribution to the dose (DRa) by the empirical equation, DRa = 0.24∗
D1.01tot (Mahou et al, 2005). This result is then employed to derive the radium activity in
the soil using the hypothesis that 226Ra activity is closely related to 238U activity and
thus a DRa = 62.19 nSv h
−1 corresponds to an activity concentration in the soil of 226Ra
equal to 12.21 Bq kg−1 (Quindo´s et al, 2004).
5.2.4 222Rn flux
The radon flux at the selected Spanish locations measured during this campaign by the
integrated EIC radon flux monitor was compared with measurements done by another in-
tegrating system and two continuous monitors. The integrated method was the activated
charcoal method. The continuous devices were an AlphaGUARD (Genitorn Instrument
Gmbh, Frankfurt, Germany) and a Sun Nuclear model 1027. All these integrated and con-
tinuous systems are based on the previously presented accumulation method (Morawska,
1989).
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A number of 8 H chambers of RT-EIC monitors were used in this campaign at each site
following the measurement protocol presented in Section 2.2.2. Three of them were used to
subtract the radioactive background. The chambers were located at 50 cm distance from
each other, covering a total area of 2 m2. In Figure 2.5 a typical measurement configuration
of the EIC monitors is presented for the Los Pedrones site. The other integrating system
used to determine the radon flux, involved 222Rn adsorption on activated charcoal, has
been explained in detail elsewhere (Countess, 1976; Fremman and Hartley, 1986). The
charcoal response is influenced by environmental conditions as previous studies have shown
and this should be taken into account to properly estabilish its calibration factor (Ronca-
Battista and Gray, 1988; Vargas et al, 2004a). The 222Rn collector is placed on the soil
surface over a time period T. 222Rn is then determined through its progeny 214Pb (295
KeV and 352 KeV) and 214Bi (609 KeV) in secular equilibrium conditions by gamma
spectrometry (Kaplan, 1963). A number of 3 charcoal canisters were exposed at each site
for 6 hours and covered a total surface area of around 0.5 m2. Each charcoal canister was
made of a cylindrical box with a circular surface of 10 cm diameter and 1 cm of height.
The canisters were located directly on the soil surface, thus avoiding void volume between
this and the absorbent material. The 222Rn activity concentration will accumulate inside
the closed volume located on the soil surface.
Figure 5.1: Continuous 222Rn flux monitors: the AlphaGUARD (on the left-hand side)
and the Sun Nuclear model 1027 (on the right-hand side) during a typical measurement.
The 222Rn gas, in the chamber volume was measured continuously by the AlphaGUARD
monitor (Genitron) and the Sun Nuclear model 1027 monitors presented in Figure 5.1.
The Sun Nuclear monitor is a patented electronic detecting device using a diffused-
junction photodiode sensor to measure 222Rn gas concentration by radon progeny elec-
trodeposition. The monitor was located directly under the accumulation volume and the
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radon flux was measured by 218Po (6 MeV) alpha spectrometry for 6 h at one point in
each measurement location. The AlphaGUARD monitor was placed near the accumula-
tion volume chamber. The sampling air was pumped inside the monitor at a flow rate
of 0.3 l min−1 and concentration values were provided for each 10 min interval. A small
1-l plastic bottle was used to prevent aerosols and 220Rn from entering into the Alpha-
GUARD (Lehmann et al, 2003). The AlphaGUARD was acquiring for 2 h at 3 different
points at each measurement location.
The four different systems were located close to each others, covering a circular surface
area with a radius of about 5 m. Table 5.2 summarises the device characteristics and their
geometrical position during the campaign measurements. Radon flux was also estimated
using two indirect methods. Table 5.2 resumes the indirect methods characteristic and
reference. The first method, presented in the Table 5.2 as a GDR reference method,
consists of the empirical Equation 5.1, derived by Szagvary et al, 2007.
y = 0.89x− 11.01 (5.1)
The previous relationship was extrapolated using the local terrestrial γ-dose rate data,
which has a resolution depending on the European Radiological Data Exchange Plat-
form, EURDEP (www.eurdep.jrc.ec.europa.eu) data (Szagvary et al, 2007). The y, in
the empirical Equation 5.1, represents the estimated radon flux (Bq m−2 h−1)) and x is
the available terrestrial γ-dose in nSv h−1. The gamma dose-rates measured during the
present campaign by RS-112 (GDR-1) and by the GammaTRACER (GDR-2) were also
used as input data to be compared with the reference Radon map method, GDR.
The other indirect method is named 226Ra in Table 5.2 and is based on the calculation of
222Rn flux using the Nazaroff diffusion Equation 5.2.
F = CRaλfρ
√
Dc
λε
(5.2)
where CRa is the
226Ra activity (Bq kg−1), F is the radon flux, f is the emanation material
coefficient, ρ is the soil density, Dc is the bulk material diffusion coefficient, which is
influenced by soil characteristics and conditions (T and HR), and ε is the material porosity.
Typical geological parameters, for common soil with characteristics similar to the soil
sites campaign, were chosen for f (0.23), r (1.5 103 kg m−3), Dc (2.0 10
−7 m2 s−1) and
ε (0.25) (Nazaroff and Nero, 1988).226Ra activity used as an input for this method was
obtained directly by gamma spectrometry measurement of campaign soil samples and
from the terrestrial dose rate data from the MARNA map and its conversion to activity
concentration by the empirical equation introduced in the Section 5.2.3.
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Table 5.2: Characteristics of direct and indirect measurement methods to determine 222Rn
flux from soil
Methods Principle Technique N. of device/ N. of location Single Reference
meas. replicate for each meas. site Meas. period
Direct Methods
Charcoal 222Rn accumulation γ 3/1 1 on ground 6 (Duen˜as et al, 2007)
in canister spectrometry surface
E-Perm 222Rn accumulation Voltage 8/1 1 on ground 6 (Kotrappa and Steck, 2009)
in chamber discharge surface
AlphaGUARD 222Rn accumulation α 1/3 1 on ground 1 (Lehmann et al, 2003)
in closed chamber spectrometry surface
Sun Nuclear 222Rn accumulation α 1/1 1 on ground 4 -
in chamber spectrometry surface -
Indirect Methods
GDR1 Empirical relation with dual 1/1 1 at 1 m 5 (Szagvary et al, 2009)
Szagvary-RS112 measured γ dose Geiger-Mu¨ller above ground
GDR2 Empirical relation with Ionization 1/1 2 at 1 m 2 (Szagvary et al, 2009)
Szagvary-Gamma Tracer measured γ dose Chamber above ground
226Ra Empirical relation with Laboratory 1/1 1 at 0-30 cm 1 (Nazaroff and Nero, 1988)
(INTE/UHU) 226Ra in soil γ spect. under ground
Indirect Reference Methods
GDR Empirical relation dual (Szagvary et al, 2009)
222Rn Map with EURDEP γ dose Geiger-Mu¨ller
222Rn Empirical relation with 226Ra Ionization (Nazaroff and Nero, 1988)
MARNA Map from MARNA map Chamber
5.3 Results
In the following section results for the terrestrial γ-dose rate, 226Ra activity and radon
flux are presented and discussed.
5.3.1 Terrestrial γ-dose rate
Figure 5.2 shows the terrestrial dose rate results obtained by the different equipment
and methods after subtracting the cosmic component. The measured data from the RS-
112 (INTE-UPC) and the LB-1236 (UHU) monitoring were in good agreement with the
MARNA map for each campaign site. The measured value from the uncorrected REA
is too high in comparison with the other measured values. However, the same REA are
significantly closer to the other measured values after the correction developed by Sa´ez-
Vergara et al, 2002. The values measured by GammaTRACER tended to be higher than
the other data.
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Figure 5.2: The terrestrial gamma dose rate measured at each site by RS-112 (INTE),
LB-1236 (UHU) and GammaTracer (BASEL) monitors are shown. The dose rate for each
REA station and their corrected values are also reported in according to Sa´ez-Vergara et
al, 2002. Furthermore, the values obtained from the MARNA map are included.
5.3.2 226Ra soil activity mass
226Ra soil activity mass in soil samples from each campaign site was analyzed at the INTE-
UPC and the UHU laboratories. The 226Ra activity results in the soil samples from the
first terrain layer, which ranges between 0 and 30 cm, were compared as shown in Figure
5.3. 226Ra activities were also measured for deeper soil samples, up to a depth of 70 cm,
showing quite a homogeneous distribution. The radioactivity concentrations measured at
the aforementioned laboratories are in agreement to within a confidence level of 95 %.
An evaluation was also done between previous data and the 226Ra activity calculated by
the empirical equation introduced in the Section 5.2.3, where the input terrestrial dose
rate was measured by subtracting the cosimc component from the environmental gamma
dose measured by the RS-112 (INTE) monitor . These last values were within a range of
± 5% of the directly measured 226Ra activity average for Teruel, Q. de la Orden and Los
Pedrones soil samples. The results show less agreement for the Madrid soil sample, where
the 226Ra activity obtained by the empirical Equation was within a range of ± 15 % of the
directly measured average concentration. In order to explain this difference, the gamma
60 CHAPTER 5. IN SITU EIC MONITORS
Figure 5.3: Radium activity concentration measured by the INTE-UPC laboratory
(white), UHU laboratory (grey) and that obtained by using the MARNA equation DRa=
0.24∗ D1.01tot (red) are shown.
spectrum obtained form the soil samples in Madrid was analyzed. The analysis showed a
high activity concentration of 40K (1200 Bq kg−1) and of 228Ra (50 Bq kg−1) at the Madrid
site, which could influence the reliability of the empirical Equation by Szagavary et al,
2009. The 40K and the 226Ra activity at the other sites have a mean value, respectively,
of 300 Bq kg−1and 23 Bq kg−1, which are commonly expected in Spain (UNSCEAR,
2000). Therefore, the high ratio between the 40K and the 226Ra activity found in Madrid
undermines the hypothesis of obtaining at least 65 % of contribution from 226Ra. It could
explain the difference between 226Ra derived values and the campaign results observed in
Madrid.
5.3.3 222Rn flux
The results of radon flux data by direct measurements and indirect methods are shown in
Figure 5.4. 222Rn flux data calculated by the equation obtained from Szagvary et al, 2009
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(GDR (EURDEP), GDR-1 (Geiger-Mu¨ller) and GDR-2 (RS-112)) and by the Nazaroff
diffusion equation (226Ra MARNA map and 2226Ra (INTE/UHU), both described in
previous sections, are also reported. The data measured by continuous monitors, Alpha-
GUARD and Sun Nuclear, and by integrated methods, EPERM and charcoal, show that
the agreement among the participants was about 10 % (SD/mean) at the Los Pedrones
and Q. de la Orden sites, and about 23 % at the Teruel and Madrid sites.
Figure 5.4: Radon flux levels measured at each site by direct and indirect methods are
presented. Values measured by the continuous Sun Nuclear (UHU) and AlphaGUARD
(BASEL) monitors, and by the integrated detectors E-PERM (INTE) and charcoal
(UHU), are compared. Radon flux (y) estimated in order to apply the equation pro-
posed by Szagavary et al, 2009, with dose rate (x) data from measurements by EURDEP
data (GDR), RS-112 (GDR-1) and Gamma-Tracer (GDR-2) are also reported. Further-
more, radon flux is also estimated using the equation F = CRa λ f ρ [Dc/(λ ε)]
1/2 at each
site with radium concentration obtained from the MARNA project with the empirical re-
lation to obtain the radium (226-MARNA map) and by laboratory measurements (226Ra
INTE).
The activated charcoal gives some differences, compared to the other systems, at the
Madrid and in Teruel sites. Nevertheless, these values fall within 2σ and they have
not been rejected. Indirect radon flux estimation, obtained by applying the empirical
equation by Szagvary et al, 2009, were within a range of +/-30 % of the directly measured
radon flux average when they were based on the terrestrial dose directly measured by
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RS-112 (GDR-1).These indirect radon flux estimates were larger than the direct radon
flux measurements when we used dose-rates from the EURDEP (GDR) data base or from
GammaTRACER (GDR-2) measurements. This is due to the high dose-rate values shown
in Figure 5.2.Indirect radon flux values, obtained by applying the empirical equation,
presented in Section 5.2.3, were within 20 % and 40 % of the directly measured radon flux
averages when 226Ra activity in the soil was obtained from the literature (226Ra MARNA
map) and by laboratory measurements (226Ra INTE/UHU), respectively.
5.4 Specific Conclusions
The EIC radon monitor response for the determination of radon flux directly from soil
have been compared with other direct and indirects radon flux methods during an inter-
comparison campaign carried out at four selected Spanish sites in summer 2008 under the
most typical climate conditions for the eastern Spain. The geological characteristics of
the object sites allowed a wide range of radon flux values ranging from 40 Bq m−2 h−1
and 90 Bq m−2 h−1 to be observed. Direct methods to determine radon flux, including
both continuous and integrated systems, showed a good agreement with a coefficient of
variation between 10 % and 23 %. This value is in accordance with the 34 % found out
in the study by Hutter and Knutson, 1998.
Indirect methods based on the measurement of terrestrial gamma dose rate, or 226Ra soil
activity, and their empirical correlation with radon flux, were applied and evaluated. Re-
sults show that these correlations give radon flux values within 20 % and 40 % respectively
of the directly measured radon flux average when the 226Ra activity and the terrestrial
γ dose-rate measurements are accurately measured. This results was observed both for
226Ra activity obtained by MARNA map terrestrial dose data, or by direct measurement
at the INTE and UHU laboratories on soil samples, and for terrestrial dose rate measured
by RS-112 and by LB-1236 monitors at each campaign site. However, it was found that
the terrestrial γ dose-rate values from the Automatic Spanish Surveillance network (REA)
and those obtained by GammaTRACER lead to an overestimation of radon flux.

Part III
El Arenosillo station
characterization
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Chapter 6
222Rn Flux characterization of the El
Arenosillo area on a regional and
local scale
222Rn flux maps are useful in order to obtain informations about the possible origin of
radon concentrations measured at a particular site (Arnold et al, 2010). In this work
the radon flux of the Iberian Peninsula and of North Africa are of particular interest to
estimate because the El Arenosillo station is located on a coastal area close to Africa as it
is shown in Figure 2.10. It is particularly important to define the local radon flux of the
El Arenosillo station itself and other areas close to this station which could influence the
radon background. Hence, in this chapter both direct and indirect radon flux methods
have been used in order to evaluate the radon flux contibution at the El Arenosillo station
area on a regional and local scale.
6.1 222Rn flux of El Arenosillo area on a regional
scale
Knowledge of 222Rn flux from the ground is useful as regards studying the radon source
in radioactive transport processes in the atmosphere.
Several indirect methods to estimate 222Rn flux on a regional scale with high spatial res-
olution have been developed such as studies carried out by the European 222Rn flux map
(Szagvary et al, 2009), by the MARNA project (Mahou et al, 2005) and by the PhD work
of Lope´z-Coto, 2011 as discussed in the first chapter of this thesis. The first method is
based on an empirical relation found out between the radon flux and the terrestrial γ dose
rate as it has been described in Chapter 4. Figure 6.1 shows the European 222Rn flux map
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Figure 6.1: European 222Rn flux map obtained using a relation with terrestrial γ-dose
values of EURDEP Network (Szagvary et al, 2007).
(Szagvary et al, 2009). The second method gives useful information on the terrestrial γ
dose rate in Spain with a spatial resolution of 0.02 degrees. This map was cronstructed
within the framework of the Spanish National Uranium Exploration and Investigation
Plan (Quindo´s et al, 2004). This data can be used in order to obtain the radium content
from the soil and then calculating the 222Rn flux by the Nazaroff equation as it has been
presented in the Chapter 4 of this thesis. The map presented in Figure 6.2 was obtained
in the PhD work of Arnold, 2009 , which downscaled the Spanish terrestrial γ dose map
(MARNA) and combined it with the empirical relationship observed by Szagavary et al,
2009. The weakness of these two previous methods is that they do not take into account
the environmental conditions at each site which can strongly influence the radon flux
(Nazaroff and Nero, 1988; Grossi et al, 2011). Furthermore, these methods which do not
include the gelogical soils parameters such as porosity, permeability and viscosity of each
area which affect the radon diffusion in the soil. Finally, the radon emanation factor and
the radon diffusion coefficient for each soil type and under different environmental con-
ditions have not been taken into account in these methods. The new model for mapping
the radon flux on a global scale presented in 2011 by Lope´z-Coto tried to solve all of these
deficiencies (PhD thesis Lo´pez-Coto, 2011). Indeed, in this method the real-time me-
tereological conditions are also included in the radon flux estimation together with some
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Figure 6.2: Radon flux map of Spain, downscaled by Arnold in her doctoral research (PhD
thesis Arnold, 2009) and wind sector legend for the El Arenosillo station.
gelogical soil parameters for each region with a spatial resolution of 1 km2. Unfortunately,
all these methods are not able to include any possible contribution to the 222Rn flux due
to non-negligible gradient pressure except in the Lope´z-Coto model which offers this infor-
mation but it does not give any information about the presence of faults in the soil surface.
A visual inspection of the map in Figure 6.2 and the geographic map of the El Arenosillo
area in Figure 2.10, allows us to carry out a classification of several homogenuous 222Rn
flux areas. The Sierra Morena area, NNE of the El Arenosillo station, presents an average
radon flux of 60-70 Bq m−2 h−1, the Betics System, E of the El Arenosillo station and
on the south-easternn coast of Spain has an average radon flux of 40-50 Bq m−2 h−1,
the Guadalquivir valley, between the Sierra Morena and the Betics system, which acts
as a preferential channel for air masses reaching the Iberian Peninsula with an average
radon flux of 5-10 Bq m−2 h−1. Finally, the highest radon flux area is seen in the western
centre of Spain with an average radon flux of 120-140 Bq m−2 h−1. Portugal is not shown
on this map, but an estimation of the radon flux in this area can be obtained from the
European Radon Flux map 6.1, which shows an average radon flux of 50 Bq m−2 h−1
for South Portugal and 60-80 Bq m−2 h−1 for the North. Unfortunately, there are no
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radon flux maps for North Africa. Nevertheless, direct measurements of radon flux for
different Moroccan areas near the Atlas mountain system, in the Errachidia and Beni-
Mellal regions, have shown high radon fluxes of about 150 Bq m−2 h−1 (Oufni, 2003)
which can be used as a first estimation of exhalation in these areas.
6.2 222Rn flux of the El Arenosillo area on a local
scale
6.2.1 222Rn flux method
The 222Rn flux term was directly and indirectly measured at the El Arenosillo tower
and at the Huelva phosphogypsum pile, which was considered as a possible high radon
source due to its proximity to the El Arenosillo station. The 222Rn flux was directly
measured by the EIC monitors described in the Chapter 2, characterized under controlled
environmental conditions in the Chapter 3 and 4, and for in situ soil in the Chapter 5
of this thesis. The radon flux characterization campaigns at the El Arenosillo area was
performed in July 2010 and in May 2010 in order to check exhalation differences for sand.
Seven measurement points were chosen for performing direct radon flux measurements.
The first point (1) was located at the tower base. The additional six points from (2) to (7)
were distributed around the surrounding area and covered a circular area with a radius
of 200 m.
The radon flux was also directly measured at the phosphogypsum pile in the restored area
(Zone 1) and the unrestored area (Zone 3) always by the EIC monitor (Kotrappa and
Steck, 2009). At each measurement point one of these RT-EIC monitors, was used together
with a new, slightly modified version, named R-EIC monitors, which could additionally
minimize the response to thoron in the case that it is present in the analyzed soil due
to 232Th decay, as previously explained. A third sealed monitor was located at each
measurement point in order to evaluate the environmental background in order to subtract
it from the measurement. Figure 2.13 shows the measurement points locations in both
phosphogypsum pile areas. Furthermore, in Figure 6.3 a typical measurement with the
related detectors deployed at the phosphogypsum pile is shown. A detailed explanation
of the EIC monitor method and the measurement protocol have already been reported in
Section 2.2.2 of the this thesis.
6.2.2 Radionuclides activity method
In order to estimate the 222Rn flux of the El Arenosillo area by indirect methods too, soil
samples were collected at the same points where 222Rn flux measurements were carried
out. The radiation concentration activity of 226Ra, 232Th and 40K was analyzed for each of
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Figure 6.3: Typical measurement of 222Rn flux by EIC E-Perm monitors at the unrestored
area (Zone 3) at the Huelva phosphogypsum pile.
the 30 soil samples collected at the Huelva phosphogypsum pile and at the El Arenosillo
station. In the case of the phosphogypsum pile, the soil samples were collected during
the campaign at both restored and unrestored areas (Zones 1 and 2). Ten soil samples
were collected at each pile zone with a spatial resolution of 500 m. The radiation activity
content for natural radionuclides was then measured at the INTE-UPC laboratory by
γ-spectrometry with a HPGe coaxial detector for each collected soil sample. The soil
samples were warmed up to 150 ◦C in order to dry them and then put into air-tight Petri
dishes of 50 ml volume. The Petri dishes were stored for 30 days to allow the 226Ra to
reach the secular equilibrium with its short-lived progeny. 226Ra activity concentration for
unit of weight (Bq kg−1) was evaluated by measuring the net count and calculating the
weighted average of its progeny 214Pb (352 keV) and 214Bi (609 keV). 232Th activity was
obtained using net counts of 212Pb (238 keV), 208Ac (911 keV) and the corrected counts
of 208Tl (583 keV). Corrected counts for 208Tl are obtained by dividing the measured cps
for 0.36. 40K was measured by directly using its gamma peak at 1460 keV.
6.2.3 Terrestrial γ-dose rate method
The indirect method proposed by Szagavary et al, 2009 was also applied and a proportional
counter monitors LB 123 D-H10 (Berthold) and integrated TLD detectors were used by
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the research group of INTE-UPC for measurement of terrestrial γ-dose rate at at El
Arenosillo tower area and at the Huelva phosphogypsum pile. The Berthold probe has a
temperature interval which ranges from -10 ◦C to 60 ◦C. The measuring range is between
0.05 µSv h−1 and 10 mSv h−1. The TLD used werethermoluminescence passive detectors
widely employed for dose exposure estimation (Piesch and Burgkhardt, 1983; ISO, 1997).
The TLD detectors were arranged in a holder for environmental dosimetry and located
in the measurement field at 1 m above ground level (Ortega et al, 2008). The terrestrial
gamma dose rate was measured at each site along with radon flux measurements and soil
samples collection. The cosmic component to the dose was subtracted.
6.3 Results at El Arenosillo tower
Single radon flux results for both RT-EIC and R-EIC monitors, measured during dry and
wet periods, are shown in Figure 6.4. Normally, the EIC monitors are used to estimate
radon flux values that are much higher then 5 Bq m−2 h−1 (Grossi et al, 2011). Therefore,
high uncertainties were observed for these low radon flux values. In any case, the difference
between the dry and wet season can be considered really small at the El Arenosillo area.
Indeed, taking into account the monitor uncertanties, Figure 6.4 shows radon flux results
slightly higher during the wet period for the RT-EIC monitors. This result could be
explained because of the influence of water content on radon flux for low water presence,
as presented by past studies (Nazaroff and Nero, 1988; Grossi et al, 2011) and as found
out during laboratory analyses presented in this thesis in the Chapter 4. Finally, the
difference between RT-EIC and R-EIC monitors could indicate some contribution from
220Rn exhalation. These results also confirm low local radon flux, in agreement with the
low radon flux area found by indirect methods in Figure 6.2. The mean value of the all
23 measurements is 4.9 Bq m−2 h−1 with a standard deviation of 2.3 Bq m−2 h−1.
The average radiation activity concentration for unit of weight (Bq kg−1) in soil samples
collected at the El Arenosillo station is 5.6 ± 1.3 Bq kg−1 for226Ra and it is 5.3 ± 1.2 Bq
kg−1 for 232Th. Average activity for 40K is 100± 15 Bq kg−1, which is normally observed in
organic soils (Bolivar et al, 1996; Grossi et al, 2011). Furthermore, the average terrestrial
gamma dose measured in this area, after the cosmic component subtraction, is 42 nSv
h−1.
Using these results of the terrestrial gamma dose rate and of the radium activity concen-
tration it is possible to indirectly calculate the 222Rn flux at the ElArenosillo station using
the Szagvary and the 226Ra methods, introduced in Chapter 5. The European radon flux
map in Figure 6.1 gives a 222Rn flux value of 50 Bq m−2 h−1. However, the same Szgevary
equation with measured terrestrial gamma dose gives a 222Rn flux value of 20 Bq m−2
h−1, this difference could be due to the interpolation method used by the European radon
flux map. On the other hand, the radon flux value obtained by the 226Ra methods leads
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Figure 6.4: Radon flux results at the El Arenosillo station measured by RT-EIC and
R-EIC monitors with thoron filters during dry and wet conditions.
to a radon flux value of 8 Bq m−2 h−1, which is in agreement with experimental results
reported in Figure 6.4.
6.4 Results at the Huelva phosphogypsum pile
Two measurement campaigns were carried out in spring and summer 2010 in order to
realize a complete evaluation study of the 222Rn flux on the restored and unrestored areas
of the pile surface. Access to the active zone of the phosphogypsum pile was not available
during the campaigns. The campaigns included the analysis of radiation activity content
in soil samples collected at the restored and unrestored areas, the environmental γ-dose
rate measured on the restored and unrestored pile surface area and the measurement
of 222Rn flux directly in situ at the restored and unrestored areas and under different
environmental conditions.
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Figure 6.5: Activity concentration for unit of weight (Bq kg−1) of 40K (dark bar), 226Ra
(grey bar) and 232Th (white bar) in soil samples from Zone 1 of the phosphogypsum pile.
6.4.1 Radiation activity results
The radiation activity concentration for unit of weight (Bq kg−1) of different natural
radionuclides measured in soil samples collected at Zone 1 and at Zone 3 of the Huelva
phosphogypsum pile are shown in Figure 6.5 and in Figure 6.6. Figure 6.5 presents results
for the restored area which was covered in 1992 with a 25-com-stick layer of organic soil.
The 40K activity concentration for soil samples from this zone is commonly 300 Bq kg−1,
which is normally observed in organic soils (Guimond and Hardin, 1989; Bolivar et al,
2002; Grossi et al, 2011). 226Ra and 232Th present a similar average activity concentration
of 20 Bq kg−1. Measurements at points P1 and P6, which are both located in the north-
east of Zone 1, as shown in Figure 2.13, present a higher activity of 226Ra of 65 Bq kg−1
and 38 Bq kg−1, respectively. This could be due to the utilization of a different layer for
the covering of this part of the restored pile as explained in the PhD thesis of Lope´z-Coto,
2011. Figure 6.6 shows the results of natural radionuclides activities at the unrestored
area, Zone 3, which is still entirely covered by phosphogypsum. 40K activity values were
under 40 Bq kg−1, which was the minimum detected activity for this radionuclide for a
gamma spectrum of 24 h. The 226Ra activty results present an average activity of 500 Bq
6.4. RESULTS AT THE HUELVA PHOSPHOGYPSUM PILE 73
Figure 6.6: Activity concentration for unit of weight (Bq kg−1) of 226Ra (gray bar) and
232Th (white bar) in soil samples from Zone 3 of the phosphogypsum pile.
kg−1 which is in agreement with results from the literature (Bolivar et al, 2002; Duen˜as
et al, 2007). Furthermore, a new significant increase of 226Ra activity, from 200 Bq kg−1
to 800 Bq kg−1, was observed in soil samples collected closer to the Tinto river such as at
the points V21 and V19 (Figure 2.13). This could be due to the water transport of soil
material to the riverside (Bolivar et al, 2002). Finally, 232Th activity concentration was
measured in a range interval between 5 and 10 Bq kg−1 and the same activity increase
was observed near to the Tinto riverside. This material transport by the water could be
explained by the presence of a 5-6 m slope between the centre of Zone 3 and the riverside,
which facilitates water flow.
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Figure 6.7: Radon flux results at the restored phosphogypsum pile zone by RT and R-EIC
monitors during the May and July 2010 campaign.
6.4.2 222Rn flux results
Direct radon flux measurements performed at Zone 1 and Zone 3, which are the restored
and unrestored pile areas respectively, are shown in Figure 6.7 and in Figure 6.8. Figure
6.7 shows the results of 222Rn flux measured at the restored pile (zone 1). The radon flux
values observed in this area during the wet period, in May 2010, are lower than those
measured during the dry period, in July. Furthermore results of RT-EIC monitors show
higher values compared with results of R-EIC monitors which do not take into account
the thoron contribution. This could indicate the presence of 220Rn exhalation from the
soil surface, due to 232Th decay, which is not yet quantifiable. An average radon flux of
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118 ± 20 Bq m−2 h−1 was measured in this zone during the dry period which is double
the typically observed radon flux (Grossi et al, 2011) and an average value of 45 ± 8 Bq
m−2 h−1 during the wet period as was expected due to the influence of humidity content
on the soil. Figure 6.8 shows the high radon flux values measured at the points P1, P3
and P4. Point P1 also presents a 226Ra activity of 60 Bq kg−1 which could explain the
high measured radon flux, the points P3 and P4 are close to the Tinto river and perhaps
there is a contribution due to the radon emanated after the decay of 226Ra accumulated
in the phosphogypsum located at the bottom of the pile. Figure 6.8 presents the radon
flux results for the unrestored area (Zone 3). The results range between 20 and 110 Bq
m−2 h−1, they show a small difference between dry and wet periods, which is of about 20
% higher during dry period. This fact could be due to the ability of phosphogypsum to
retain water for a long time. The average radon flux in this zone seems to be of about
45 Bq m−2 h−1 and the standard deviation is of 20 Bq m−2 h−1 which is not as high as
would be expected in phosphogypsum.
The activity concentration of the 226Ra in Zone 1 and at Zone 3 can be used to indirectly
evaluate the radon flux. Indeed, the restored zone presents an average activity of 226Ra
in the soil samples of 24 Bq kg−1 as reported in Figure 6.5. Using the Nazaroff equation
the estimated radon flux is of about 40 Bq m−2 h−1 which is in agreement with directly
measured radon flux during the wet period. Unfortunately, this method is not able to
estimate the radon flux difference between dry and wet periods because it does not take
into account values of metereological conditions. On the other hand, the radium content
of the soil sample in the unrestored zone presents an average value of 500 Bq Kg−1 which,
using the Nazaroff equation with standard soil parameters leads to a radon flux of 800
Bq m−2 h−1. This is definitively much higher than the observed average value in Figure
6.8. This difference between the direct and indirect methods can be explained because
in the Nazaroff equation does not take into account neither the humidity content in the
phosphogypsum material or its exact radon diffusion coefficient, which drastically reduce
the radon exhalation from the material surface (Nazaroff and Nero, 1988; MSc thesis
Grossi, 2006).
6.4.3 Terrestrial γ-dose results
The measurements of environmental gamma dose rate include only the terrestrial com-
ponent, mainly from the 40K and the 238U and the 232Th series, because the cosmic
component had been subtracted. The restored Zone 1 presents an average environmental
dose rate of about 100 nSv h−1 where the unrestored area shows an average dose rate of
270 nSv h−1. These data can be also used for evaluating the radon flux by the empirical
equation of Szagvary et al, 2009. The terrestrial γ-dose rate measured at each point in
the restored and unrestored areas have been plotted against the measured radon flux in
Figure 6.9 in order to compare their relationship with the empirical relation found out by
Szagvary et al, 2009. The radon flux measurement at the unrestored pile is definitively
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Figure 6.8: Radon flux results at the unrestored phosphogypsum pile zone by RT and
R-EIC monitors during the May and July 2010 campaign.
lower than that expected for the Szagvary empirical equation (Szagvary et al, 2009). Nev-
ertheless, radon flux results in this zone are proportional to measured terrestrial gamma
dose rate. On the other hand, the radon flux results in the restored area seem to follow
a linear relationship found by Szagvary et al, 2009. However, the points P1, P3 and P4
show higher radon flux than those expected, which could be due to a contribution to the
gamma dose because of phosphogypsum material deposited at the bottom of the pile and
which is closer to the Tinto river as is seen in the radon flux results.
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Figure 6.9: Linear relationship between environmental gamma dose rate (nSv h−1) and
radon flux (Bq m−2 h−1) measured at each point in the restored (square point) and
unrestored (cross point) areas. Comparison with Szagvary et al, 2009 empirical relation.
6.5 Specific Conclusions
Direct radon flux measurements at the El Arenosillo tower show quite low radon exhala-
tion from the soil with an average of 5.3± 1.8 Bq m−2 h−1. This result is in agreement with
indirect radon flux methods for the same area obtained in the PhD thesis of Arnold, 2009
which used the Szagvary equation together with terrestrial gamma dose data obtained by
the MARNA map. However, the radon flux results obtained at the El Arenosillo tower
by the European radon flux map are of about 50 Bq m−2 h−1 and they are certainly too
high (Szagvary et al, 2009). This fact could be due to the high terrestrial gamma dose
rate used by Szagvary for this area, which came from the REA station. Ra and it has
been shown to be overestimated (Grossi et al, 2011).
The radon flux results during dry and wet periods do not show significant differences due
to the high permeability of sand which allows the water to permeate through it quickly
(Nazaroff and Nero, 1988). Indeed, the permeability is an important parameter since soils
with high permeability have a lower humidity, whereas water can accumulate in soils with
low permeability (Levin et al, 2002). The El Arenosillo tower is exclusively surrounded
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by pine forest and sand. The sand has an intrinsic high permeability of the order of 4
· 10−11 m2, which is one or two orders of magnitude higher than for other typical soils
(Nazaroff and Nero, 1988) and could explain the lack of a marked difference of radon flux
observed between dry and wet periods.
The 222Rn flux results at the phosphogypsum pile do not seem to show high values which
means that the PG is not a high radon flux source to be used for inverse modelling
applications, which include the reconstruction of the source term by use of atmospheric
transport models in backward mode. In spite of the high activity of 226Ra measured in
the phopshogypsum soil, the laboratory experiments and the direct in situ measurements
of radon flux have shown that the high humidity content of this material does not allow
the radon to be exhaled from the surface. Furthermore, the phosphogypsum material
does not exhale high radon concentration even when it is completely dry because of a
very small radon diffusion coefficient in this material. Indeed, radon flux measurements
at the phosphogypsum pile were carried out in dry and wet periods and results show
a significant difference between the two season. Nevertheless the phosphogypsum soil
always appeared really wet to the touch. Lope´z-Coto comments this is due to a high rain
season in 2010 which meant that the phosphogypsum did not get completely dry (PhD
thesis Lo´pez-Coto, 2011). A laboratory analysis of radon flux from phosphogypsum soil
samples was carried out with totally dried samples, as presented in the Chapter 4, and
no difference was observed in the radon flux results.
In any case, experimental radon flux results found out at the Huelva phosphogypsum pile
during this study are not in agreement with previous studies by Duen˜as et al, 2007 and
by Abril et al, 2009. These studies, which were carried out using the charcoal canisters
method, found out extremely high radon flux values in the Huelva phosphogypsum pile
with a great great dispersion between 100-1000 Bq m−2 h−1. This discrepancy is presently
under study and will be published in a future paper. On the other hand, the indirect
radon flux maps of regions of Europe and of Spain offer useful informations in order to
evaluate the possible radon source contribution reaching the El Arenosillo station, but
these methods, in special zones such as the Huelva phosphogypsum pile, have not been
shown to be completely reliable. Indeed, indirect radon flux maps need to take into
account the possible environmental conditions and the geological material parameters
which can influence radon exhalation.
However, indirect radon flux methods have been usefull on a regional scale to point out
several hot spot areas, with a high radon flux, such as Sierra Morena, the Bethic System
and central Spain. Furthermore, a literature study shows a possible high radon flux in the
North of Morocco due to the presence of the Atlas Mountains. All these high radon sources
could be really usefull to perform inverse modelling studies and need to be confirmed by
experimental atmospheric radon concentration analyses and atmospheric backtrajectory
studies. Finally, all these previous results confirm the possibility of using the El Arenosillo
station for atmospheric studies which use radon as a tracer because this station does not
present a significantly noisy radon background due to the local contribution.
Chapter 7
222Rn atmospheric concentration at
100-m-high tower of the El
Arenosillo station
7.1 Introduction
Two ARMON monitors for atmospheric radon concentration measurement, which were
presented in Section 2.3 and were calibrated in the INTE-UPC radon chamber as ex-
plained in the Chapter 3, were installed on the 100-m-high tower of the El Arenosillo
station, on the Spanish south-west coast. The station is managed by the National In-
stitute for Aerospace Technology (INTA). The 222Rn concentration time series at 10 m
and at 100 m were measured hourly for two years at this meteorological station. In
this chapter the seasonal analysis of atmospheric radon concentration performed at the
El Arenosillo station during 2009-2011 are presented. Results for each season present
evidence associated with the origin of air masses reaching the El Arenosillo station.
7.2 Material and Methods
The atmospheric radon concentration variability was measured at two different levels on
the El Arenosillo tower. Meteorological parameters were also available at this site during
the analysis. Data for one year were analysed and the radon behaviour for different
seasons and under different local meteorological conditions was studied at this coastal
area. Furthermore, both the diurnal and nocturnal behaviour of radon gas was also
analysed.
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7.2.1 Site
The El Arenosillo station is the site selected in this thesis work for performing a com-
plete radon characterization. The El Arenosillo site is located in the South of Spain
(37.10N/6.79E), as shown in Figure 7.1 and its characteristics have been described in
details in Section 2.5. The 100-m-high tower of the El Arenosillo station is only 25 km
from the city of Huelva, where the phosphogypsum pile described in the Chapter 2 is
located and it is only 0.7 km from the Atlantic coast. The El Arenosillo station is sited
within the Don˜ana National Park.
Figure 7.1: Europe (left) and the location of the El Arenosillo station on the southern
coast of Spain with wind sectors for each specific geographic area (right).
7.2.2 Meteorological parameters
Meteorological parameters with a time resolution of 10 minutes are continuously measured
at El Arenosillo station. The instrumentation used was a Vaisala WXT520 with sensors
located at 10 m. The measurement interval for wind speed was between 0 and 60 m
s−1. The accuracy is 3 % for wind speeds between 0 and 35 m s−1 and 5 % when the
wind speed ranges from 35 to 60 m s−1. Accuracy in wind direction measurement is ±
38 and response time is 250 ms. Average data results at 10 m tower were used in this
study for a statistical analysis of seasonal hourly radon concentration from November
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2009 till November 2010. The seasons were defined as winter, December to February,
spring from March to May, summer from June to August and autumn, from September
to November. The data analysis of wind direction frequencies was done to study the
direction of incoming air masses using characteristic source sectors at the El Arenosillo
station, as illustrated in Figure 7.1. The Sierra Morena sector includes N and NEE winds;
The Guadalquivir Valley sector ranges between NEE and E; The Bethics System sector
is defined between E and SSE; the Moroccan sector includes winds coming from SSE to
SSW; the Atlantic Ocean sector is defined from SSW to SWW, the South Portugal sector
includes wind coming from SWW to NW. Finally, North Portugal was defined as winds
coming from NW to N. The wind speed study was carried out by dividing seasonal data
into 5 speed divisions: speeds below 1 m s−1 is defined as calm, from 1 to 3 m s−1, from
3 to 5 m s−1, from 5 to 7 m s-1 and above 7 m s−1.
7.3 Seasonal atmospheric 222Rn concentrations
A summary of results of radon concentrations time series at two different heights and their
relation with local wind conditions is given in Figures 7.2, 7.4, 7.6 and 7.8 for each season
for a period of one year. On each plot the wind-rose and the bar chart for average radon
concentrations, at 10 m and at 100 m, are shown for different source wind sectors and
several wind speed ranges. Although this is a simple local correlation, it may provide a
hint on the possible distant sources affecting measurements. Furthermore, the statistical
analysis of measurement results for each season shows a bimodal lognormal distribution
given in Figures 7.3, 7.5, 7.7 and 7.9 with the geometrical mean and the standard deviation
obtained by a Gaussian fit. The average hourly measured concentrations of radon gas
obtained over a year at the 10 and 100 m heights at the El Arenosillo station were
3.51 Bq m−3 and 2.61 Bq m−3, respectively. At 10 m, the standard deviations for the
hourly, daily, weekly, and monthly data amounted to 2.87 Bq m−3 (N=3382), 2.35 Bq
m−3 (N=169), 1.69 Bq m−3 (N=34), and 1.10 Bq m−3 (N=10), respectively. For 100 m,
these standard deviations were 2.02 Bq m−3 (N=3684), 1.47 Bq m−3 (N=164), Bq m−3
(N=35) and 0.53 Bq m−3 (N=10), respectively.
7.3.1 Autumn Season
Results for autumn 2009 with average radon concentrations under specific wind direction
conditions are reported in Figure 7.2, as it will be done in the following sections for each
seasonal analysis. The average radon concentration in the atmosphere, for each of the
defined season, presents similar behaviour when the wind flows from specific sectors and
with the same speeds intervals. These wind sectors include specific geographic areas such
as:
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Figure 7.2: Wind-rose and average 222Rn concentrations at 10m (white bar) and 100m
(gridded bar) during autumn.
The Sierra Morena Sector. The most statistically relevant cases during autumn are
observed when the prevailing wind comes from the first quadrant with wind speed intervals
of 1-3 m s−1, 3-5 m s−1 and 5-7 m s−1. An increase of average radon concentration can be
observed at 10 m and at 100 m in autumn in Figure 7.2, as well as during other seasons,
when the wind comes from the Sierra Morena Mountains. This area has an average radon
flux of 60-70 Bq m−2 h−1, which is much higher than the average radon flux observed at
the El Arenosillo station, as seen in Figure 6.2 and in the direct radon flux results of Figure
6.4. A radon concentration increase, when the wind comes from Sierra Morena, has also
been observed in Seville, which is 66 km east of the El Arenosillo station, by Arnold et al,
2009. Average radon concentrations at 10 m and at 100 m are significantly different even
for high wind speeds, which shows the possibility of an important advected contribution
at the lower level. This difference is also present when wind flows from the Guadalquivir
and the Bethics region. This can be explained by the fact that most of the cases, in these
sectors, are during nighttime. Nighttime conditions help both the accumulation of locally
exhaled radon in the vicinity of the station within a shallow boundary layer, as well as the
development of downslope cold and shallow flows that would carry radon coming from the
mountains to the sea due to the southwest-northeast Guadalquivir depression axis (PhD
thesis Hernandez-Ceballo, 2011).
The Guadalquivir sector. Radon concentration increases during autumn when the
wind comes from the Guadalquivir valley sector, as shown in Figure 7.2. Average radon
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concentration at 10 m is about 10 Bq m−3 when the wind speed is between 5 and 7 m
s−1, which could indicate air masses coming from inland regions of Spain, characterized
by high radon flux as shown in Figure 6.2. As can be observed in the following sections,
the average radon concentrations at 10 m and at 100 m are significantly different when
the wind comes from NW to E, including the North of Portugal, the Sierra Morena and
the Guadalquivir valley sectors. As in the previous sector, as well as in the winter season,
most of the cases are nighttimes occurrences. This shows both the possibility of a shallow
nocturnal boundary layer, which allows the accumulation of radon, and the advection due
to the drainage flows down the Guadalquivir valley to the El Arenosillo station that carry
the radon exhaled inland.
The Bethics System Sector. An increase of average radon concentration at 10 m
when the wind comes from the E-SE sector can be seen in Figure 7.2. This fact is due
to the presence of the Bethics System, characterized by radon flux between 50-60 Bq
m−2 h−1. Average radon concentration at 10 m is 7.6 Bq m−3 when the wind reaches
the El Arenosillo station with a velocity between 3 and 5 m s−1. There is a relative
difference between radon results at the two heights, as seen in Figure 7.2 probably due
to the proximity of the Bethics area source as explained in the previous section for the
Sierra Morena.
The North Portugal Sector. More frequently wind comes from North Portugal during
autumn, as can be seen in Figure 7.2. The North Portugal area has an average radon
flux of 70 Bq m−2 h−1, which is much higher than the local radon flux measured during
this study at the El Arenosillo station, of around 5-10 Bq m−2 h−1. It is also different to
the value estimated from the European radon flux map (Szagvary et al, 2009). A relative
increase is observed in average radon concentrations at both levels when the wind comes
from the North of Portugal instead of from the South of Portugal. This slight increase
in radon concentration can probably be explained by air masses crossing Portugal until
they reach the El Arenosillo coastal area. In this sector most of the cases fall in the
late afternoon until the early hours of the morning. Nevertheless, air masses passing over
the South of Portugal come from the ocean and are not rich in radon. As regards the
nocturnal cases, they are composed of well-mixed air passing over the warmer sea surface,
which could explain similar average radon concentrations at both levels.
The Atlantic Ocean and South Portugal sector. Average radon concentrations
are lower, about 2 Bq m−3, and are similar for both heights when the wind comes from
the Atlantic Ocean sector and from South Portugal (Figure 7.2). This could indicate
radon-poor, well-mixed air masses travelling over the ocean and along the South Portugal
coast.
The Morocco sector. Figure 7.2 shows how average radon concentrations are similar for
both heights and they present values between 3-4 Bq m−3 when the wind comes from the
Morocco sector. This relative radon increase, compared with the sea sector, could be due
to the presence of the Atlas mountain system on the Moroccan coast, in the Errachidia
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and Beni-Mellal regions, which have shown a high radon flux of about 150 Bq m−2 h−1
(Oufni, 2003). Neverthless, similar radon concentrations at both levels could be due to
well mixed air masses coming from the warm Sahara surface and passing over the Atlas
mountains.
Figure 7.3: Bimodal lognormal distribution of radon concentration measurement at El
Arenosillo station during autumn at 10 m (left) and at 100 m (right).
The statistical analysis of hourly radon concentration results at 10 m and at 100 m during
the autumn season show a bimodal lognormal distribution either at 10 m or at 100 m,
Figure 7.3. Experimental data were fitted with a double Gaussian function to calculate
the geometric mean and the standard deviation of each distribution. The geometric mean
µ1,10 of radon concentration data at 10 m and for the larger distribution in Figure 7.3
is 4.48 Bq m−3 with a standard deviation σ1,10 = 2.03 Bq m
−3. The geometric mean
µ1,100 for the larger distribution of Figure 7.3 at 100 m is 2.93 with σ1,100 = 1.98 Bq
m−3. The larger distribution at both heights represents the total radon concentration
hourly values which were measured under all wind conditions. The difference between
previous values µ1,10 and µ1,100 indicates a good separation of atmospheric layers during
the autumn season.
A second smaller Gaussian in Figure 7.3, with an area of c10 = 4 % and c100 = 5 %
of total bimodal distributions, are visible at both heights with values lower than 1 Bq
m−3. This distribution includes all radon concentration hourly values measured when the
wind comes from between 200 and 300 degrees, which corresponds to the Atlantic Ocean
area. The geometric means are µ2,10 = 0.71 Bq m
−3 with standard deviation 1.31 Bq
m−3 and µ2,100 = 0.55 Bq m
−3 with standard deviation 2.07 Bq m−3 at 10 m and at 100
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m, respectively. These previous geometric means µ2,10 and µ2,100 indicate no significant
differences, as was to be expected.
7.3.2 Winter Season
Figure 7.4: Wind-rose and 222Rn concentration at 10 m (white bar) and 100 m (gridded
bar) during winter
Most incidents occur during the winter season when the wind comes from SWW-NW
with a frequency of 23 %, corresponding to South Portugal, with a wind speed higher
than 7 m s−1 and an average radon concentration of 2 Bq m−3 at both levels, as it
can be seen in Figure 7.4. Furthermore, the wind comes from the Sierra Morena and
from the Guadalquivir valley with a frequency of 12 % and a velocity between 3 and
5 m s−1. Under these conditions, the average radon concentration at both heights is
significantly different from that observed during autumn. Average values of 8 Bq m−3
and of 3 Bq m−3 were measured at 10 m and at 100 m, respectively. This, as in autumn,
could be explained by the frequently occurring stable atmosphere during winter which
allows level separation and radon accumulation in the lower layers of the atmosphere. In
addition to this, there is the contribution of advected radon from either Sierra Morena or
inland regions channelled during nighttimes down the Guadalquivir valley. No significant
occurrence of calm conditions, with wind speeds lower than 1 m s−1, were observed at
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the El Arenosillo station during winter. There were a large number of occurrences for
wind velocities between 1 and 3 m s−1 from all wind sectors. These low wind cases
show radon concentration observations significantly similar, as illustrated in Figure 7.4.
Average radon concentrations of 3 Bq m−3 at 10 m and 2 Bq m−3 at 100 m were measured.
These low average concentrations, related to low wind speed, could be essentially due to
a local distribution from the El Arenosillo soil with a radon flux of 4 Bq m−2 h−1.
Figure 7.5: Bimodal lognormal distribution of radon concentration measurement at El
Arenosillo station during winter at 10 m (left) and at 100 m ( right).
The geometric mean µ1,10 of radon concentration data at 10 m is 3.82 Bq m
−3 with a
standard deviation σ1,10 = 2.34 and µ1,100 = 3.06 with σ1,100 = 1.72 at 100 m, Figure 7.5.
These radon concentrations are not as high as would be expected for winter and could be
explained by the high frequency of radon-poor air masses coming from the Atlantic Ocean
and from South Portugal during this season, as observed in Figure 7.4, which contribute
to the total seasonal average. The small Gaussian distributions due to pure sea air masses
are 30 % and 50 % of the total distribution area, Figure 7.5. The geometric means are
µ2,10 = 0.87 Bq m
−3 and µ2,100 = 0.73 Bq m
−3 at 10 m and at 100 m, respectively.
7.3.3 Spring Season
Most radon concentration measurements were made with the wind coming from the SWW-
NW sector with a wind velocity of up to 7 m s−1, which includes the South Portugal area,
Figure 7.6. Average radon concentrations at both heights are similar and quite low,
ranging between 0.5 and 1 Bq m−3. These low average results could be explained by well-
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Figure 7.6: Wind-rose and 222Rn concentration at 10 m (white bar) and 100 m (gridded
bar) during spring.
mixed radon-poor air masses in strong wind coming from the Atlantic Ocean and passing
over South Portugal. The radon flux is lower than 5 Bq m−2 h−1, as shown in Figure
6.4 and as was discussed in the Section 7.3.1. The average relative radon contribution
increase for the Moroccan sector which, as explained in the Section 7.3.1, could be due
to the presence of the Atlas Mountains, which is a high radon flux area, Figure 7.6.
Furthermore, during the spring season, the average radon concentration values in the
Moroccan sector are higher than during winter. This result could be due to an increase
in temperature in spring in this zone and a consequent radon flux increase from this
area. In addition to this, spring is an unstable season and thus nighttimes inversions or
semi-permanent inversions do not occur as often as in winter and autumn.
The geometric mean µ1,10 of radon concentration data at 10 m is 3.60 Bq m
−3 with a
standard deviation σ1,10 = 2.18. The geometric mean is µ1,100 = 2.05 with σ1,100 = 2.20 at
100 m, Figure 7.7. These average radon concentrations indicate good atmospheric layer
separation during this season. The small Gaussian distributions have areas of 10 % and
4 % of the total bimodal area with similar geometric means of µ2,10 = 0.73 Bq m
−3 and
µ2,100 = 0.20 Bq m
−3 at 10 m and at 100 m, respectively, Figure 7.7.
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Figure 7.7: Bimodal lognormal distribution of radon concentration measurement at El
Arenosillo station during spring at 10 m (left) and at 100 m ( right).
7.3.4 Summer Season
Results for average radon concentrations at the El Arenosillo station together with local
wind conditions for summer show the predominant occurrence of wind coming from ocean
during this season with air masses poor in radon and well-mixed, Figure 7.8. During most
of the measurements the wind came from the SWW-NWW direction, which represents
the Atlantic Ocean and South Portugal areas. Wind speed ranged between 1 and 5 m
s−1 during the summer. The average radon concentration is 2 Bq m−3 at both heights.
This last result shows good layer mixing conditions and incoming air poor in radon. Low
average radon concentrations are in agreement with what would be expected for summer
when the wind comes mainly from the sea. A relative increase of radon concentration was
measured, as was seen for each season, when the wind came from Morocco with a speed
of 3-5 m s−3. There were no significant cases of high wind speed in this season, which are
more relevant when wind flows from the first quadrant, as explained previously.
The geometric mean µ1,10 of radon concentration data at 10 m is 2.64 Bq m
−3 with a
standard deviation σ1,10 = 1.86. µ1,100 is 2.41 with σ1,100 = 1.88 at 100 m, Figure 7.9.
These values indicate really good statistics for this season and a strong mixing layer, as
was expected for an unstable summer. The small Gaussian distributions due to radon
concentration measured when wind came from the sea are also reported. Their total areas
are only 5 % and 1 % of the total distribution areas. The geometric means are µ2,10 =
0.62 Bq m−3 with a standard deviation of 1.35 at 10 m and µ2,100 = 0.35 with a standard
deviation of 1.35 at 100 m. A summary of results is shown in Table 7.1.
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Figure 7.8: Wind-rose and 222Rn concentration at 10 m (white bar) and 100 m (gridded
bar) during summer.
Table 7.1: Bimodal Lognormal Distributions of 222Rn concentration at El Arenosillo sta-
tion
Bimodal Lognormal Distribution at 10 m Bimodal Lognormal Distribution at 100 m
µ1,10 1,10 µ2,10 σ2,10 c10 µ1,100 σ1,100 µ2,100 σ2,100 c100
Autumn 4.48 2.03 0.71 1.31 4 2.93 1.98 0.55 2.07 5
Winter 3.82 2.34 0.87 2.09 30 3.06 1.72 0.73 2.27 50
Spring 3.60 2.18 0.73 2.72 10 2.05 2.20 0.20 1.80 4
Summer 2.64 1.86 0.62 1.35 5 2.41 1.88 0.35 1.35 1
The geometric mean (µi,j) for each lognormal distribution due to the total radon concen-
tration measurement (i=1) and due to radon concentration measurement coming from
the sea (i=2) and its geometric standard deviation (σi,j) is reported for each season and
for each measurement height (j=10 or j=100). Furthermore, the percentage of area c
(%) of the smaller lognormal distribution with respect to the larger area is given for all
bimodal distributions.
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Figure 7.9: Bimodal lognormal distribution of radon concentration measurement at El
Arenosillo station during summer at 10 m (left) and at 100 m (right).
7.4 Daily 222Rn concentration
The daily cycles of ambient radon concentration at the El Arenosillo station were ana-
lyzed for each season and at two different measurement heights. Results are presented
in Figure 7.10, where the hourly evolution of average radon concentrations throughout
the day at 10m (solid line) and at 100m (dashed line) are given. Figure 7.10 shows that
222Rn concentration at 10m is normally higher than at 100m, as expected (Levin et al,
2002). Radon concentration behaviour at 10 m shows a well-defined diurnal cycle for
each season with variable amplitude, characterized by an accumulation of radon during
the night and a subsequent dilution during daytime (Stull, 1988). During the night a
shallow stable layer develops close to the ground due to the faster cooling of the surface
of the Earth. Radon exhaled from the soil then accumulates in the lower layers of the
atmosphere. After sunrise, and until sunset, radon concentration in the atmosphere de-
creases due to the development of a deep mixing layer (Zanetti, 1990; Vinuesa et al, 2007;
Vinuesa and Galmarini, 2007). In addition to the local contribution, and the accumulation
during nighttimes, there is also the contribution of the advected radon during the shallow
nighttimes flows that occurs in the Guadalquivir valley. This carries the radon exhaled
inland towards the station contributing to the lower level measurements.
Average 222Rn concentrations at 100 m do not normally have a pronounced diurnal cycle,
as opposed to those at 10m, as can be seen in Figure 7.10. This lack of a cycle at 100 m is
due to the fact that it is above the inversion that defines the nocturnal stable boundary
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Figure 7.10: Hourly (UTC) evolution of 222Rn concentration at the El Arenosillo station
at 10m (solid line) and at 100m (dashed line).
layer (SBL). At this height, there is usually a reservoir layer in between the nocturnal
boundary layer and the top of the daily mixing layer. Radon which reaches the mixing
layer on the previous day may be kept in this layer and effectively preserved through the
night and is only influenced by the combined effect of the decay and sink process (Vinuesa
et al, 2007).
The Figure 7.10 shows that highest average radon concentrations at 10m recorded during
autumn and spring, shown in Table 7.1, which could indicate a lower stable atmospheric
layer during the night and air masses transporting radon exhaled from distant sources
during the day, as has been detailed above. Daily average radon concentrations at 10m
observed during winter are not as high as expected for this season. This could be explained
by a considerable frequency of radon-poor air masses coming from the Atlantic Ocean and
from South Portugal, as has been shown in Figure 7.4. On the other hand, the unstable
summer atmosphere with strong mixing during the day shows no significant difference
between radon concentrations at either height and a cycle that is not so pronounced in
Figure 7.10. Most of the air masses in the summertime come from the sea, with well
mixed and radon-poor air.
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7.5 Specific Conclusions
Atmospheric 222Rn concentration behaviour has been characterized at the El Arenosillo
station on the south-west coast of Spain. The work has been done on a 100 m mete-
orological tower where two ARMON radon monitors for continuous gas concentration
measurement were installed. The influence of local wind speed and direction on radon
concentrations observed at 10 m and a 100 m, at the El Arenosillo station, were studied
and an analysis of seasonal behaviour and diurnal cycle was done.
The 100-m-high tower provides an opportunity to carry out a qualitative analysis of
possible distant radon contribution sources using hourly radon concentrations at 10 m
and at 100 m with the wind conditions at the El Arenosillo station. Indeed, this analysis
has pointed out several possible sources of high radon flux close to the El Arenosillo
station in the Sierra Morena range. A remote eventual source has also been found in
the Moroccan area. Furthermore, the significant contribution of the Guadalquivir Valley
as a channel of air masses coming from inland regions with high radon flux has been
studied. A significant difference was observed for average radon concentration at both
heights when wind flows from the M-NE quadrant, which includes the Sierra Morena, the
Guadalquivir Valley and the Bethics systems, also with high speeds. This could prove the
existence of an important advected contribution at the lower level during the nocturnal
hours along the southwest-northeast Guadalquivir depression axis could help to explain
these previous cases.
The El Arenosillo tower also offers the opportunity to study the hourly variation of
atmospheric radon at 10 m and at 100 m which allows meteorological and atmospheric
studies. The diurnal cycle of ambient radon for most of the seasons is in agreement with
past studies. An unusual hourly evolution of radon concentrations was observed during the
summer, when radon concentrations at 10 m and at 100 m show similar values, but with
a diurnal cycle. Finally, the characteristic air masses transport behaviour and itsinfluence
on hourly radon concentrations observed during this study at El Arenosillo station will
be analyzed by the atmospheric transport model HYSPLIT4 in the following chapter.
Chapter 8
Qualitative analysis of radon
transport patterns to the El
Arenosillo station
8.1 Introduction
An atmospheric radon concentration analysis of measurements at the El Arenosillo station
done based on one year of continuous measurements as it has been presented in the
previous chapter. The aim of this study was to acquire knowledge of the seasonal and
diurnal/nocturnal behaviour of radon gas at a coastal site such as the El Arenosillo station
and at different heights. As previously discussed, several possible radon source regions
have been set up; the Morocco area, to the South of the El Arenosillo station, 300 km
away; the Bethics System 110 km East from the El Arenosillo station and the Sierra
Morena, which is to the North, 150 km away, as can be seen in Figure 7.1. This previous
study was carried out using meteorological measurements obtained at 10 m above sea level
which actually only give information on a local scale. The results need now to be confirmed
by an integration with meteorological information on a regional scale, which definitively
influences the air masses movement. Indeed, the atmospheric transport patterns that may
occur in one region are defined by the main synoptic situations affecting it and its local
topography and surface meteorological measurements could not be enough to study such
complex situations as has been shown elsewhere (PhD thesis Arnold, 2009; Arnold et al,
2010; PhD thesis Lo´pez-Coto, 2011; Crawford et al, 2009).
Within this framework, some specific episodes of atmospheric radon concentration, at
the El Arenosillo station, have been analyzed in this chapter by back-trajectory analysis
with the Lagrangian model HYSPLIT4 in order to visualize the air masses origin under
specific synoptic conditions and to identify the possible radon transport pathways at the
El Arenosillo station. In Chapter 2, we commented on how back trajectories have been
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widely used to infer geographic regions that contribute to pollution events (Stohl, 1996;
Stohl et al, 2003; Considine et al, 2005; Seibert et al, 1998, Stach et al, 2007; Cecchi
et al, 2007). Furthermore, it has been also pointed out how the strong vertical gradient
of atmospheric radon at coastal sites makes it an ideal indicator for processes in the
atmospheric boundary layer (ABL). In addition, the great contrast between terrestrial
radon flux and oceanic radon flux, which is basically taken equal to zero, is really useful
to differentiate between oceanic and continental air masses (Iida et al, 1996; Pearson and
Moses, 1966; Ikebe, 1970).
The present qualitative analysis aims to confirm the radon source regions which have
been found out during the experimental radon characterization of the El Arenosillo sta-
tion presented in the previous chapter. Furthermore, the study of back trajectories and
wheatear maps can help to better understand transport of radon under different synoptic
situations at El Arenosillo station.
8.2 Material and Methods
8.2.1 Back Trajectory Analysis with the HYSPLIT4 model
In this chapter the dispersion model HYSPLIT4 has been used in order to define the origin
of air masses coming to the El Arenosillo station and their possible relation with observed
highest/lowest radon concentration episodes. Each back trajectory was calculated using
the meteorological file GDAS as an input file. The HYSPLIT model, version 4, and the
GDAS file have already been presented in Chapter 2 of this thesis. In this section the
use and limitations of the back trajectory analysis made by HISPLIT4 model will be
presented.
The reliability of a trajectory calculation depends also on the spatial resolution of the
used input file (PhD thesis Arnold, 2009). It is important to take into account the
relation between the spatial evolution of the meteorological files and the spatial covering
of atmospheric movement under study. In our case, GDAS files have a spatial horizontal
resolution of 111 km (1x1 degree) and they can be enough for carrying out a qualitative
analysis of radon transport on a synoptic scale. Furthermore, the GDAS files have 23
pressure levels and the first 12 levels are under 500 hPa. The vertical information on
meteorological parameters in the GDAS files, for the El Arenosillo station area, have
been validated by HYSPLIT4 trajectories by Hernande´z-Ceballo, 2011 in his doctorate
research. A comparison between meteorological parameters reported in the GDAS file
and meteorological parameters measured during 45 radio sounding campaigns done at
the El Arenosillo station was carried out by Hernande´z-Ceballo. Wind speed and wind
directions were compared in this work at 200 m, 800 m, 1500 m and 3000 m heights. The
total vertical temperature profile was also compared. However the correlation between
GDAS data and experimental values becomes better at high level and during nocturnal
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hours, Hernande´z-Ceballo concluded that correlation of GDAS data and radio sounding
values is still valid at 200 m and above and during diurnal hours.
The back trajectories in the present analysis, as well as in the PhD thesis of Hernande´z-
Ceballo, 2011 were calculated with the kinematic method (3D). This method uses the
meteorological model vertical velocity fields and allows a better description of the air
mass pathways to be achieved. Back trajectory length was of 5 days in order to analyze
synoptic air mass movement and to reduce the model uncertainties (Draxler et al, 2009).
Furthermore, the back trajectories were calculated at different height levels: 300 m, 500
m, 1000 m, 1500 m and 3000 m. The lowest level of 300 m was used in order to ensure a
model that is representative at lower atmospheric layers which could be influenced by the
topography (PhD thesis Hernandez-Ceballo, 2011). Finally, the highest levels of 1500 m
and of 3000 m were used for analysis of high atmospheric layers and to observed their sep-
aration during different episodes. For each radon episode, two back trajectories per day
were calculated and each back trajectory started at observed maxima/minima radon con-
centration time (UTC). Furthermore, for each episode the corresponding weather charts
obtained from the archive of the Wetterzentrale (www.wetterzentrale.de)
are also given in order to better understand the possible air masses transport patterns.
8.2.2 Episodes Description
The episodes selected for this study present the most frequently occurring synoptic condi-
tions observed at the El Arenosillo station. This high occurrence of air masses was found
out during experimental characterization of radon behaviour in this area as presented in
the previous chapter. The high occurrence of several type of air masses has been also
confirmed by Hernande´z-Ceballo et al, 2011 who performed a meteorological characteri-
zation of the El Arenosillo station by a cluster analysis of 7000 back trajectories with the
HYSPLIT4 model during the period 1997-2007 (PhD thesis Hernandez-Ceballo, 2011).
Following the characterization of radon behaviour presented in the previous chapter of
this thesis and the meteorological characterization done by Hernande´z-Ceballo, 2011, it
is clear that the most frequent air masses coming to El Arenosillo station proceed from
the Atlantic/North American region, from the North of Europe, from the Mediterranean
area and from the North of Africa.
An example for each most frequent radon episodes was selected for this analysis related
to high/low observed radon concentration during the measurement period and both the
pronounced and not so pronounced relative differences between radon concentration at 10
m and at 100 m heights. Back-trajectory analysis with a GDAS file resolution of 111 km
does not have sufficient resolution on the vertical and horizaontal scale in order to explain
the different radon behaviour at 10 m and at 100 m. However, this analysis is useful to give
a hint of synoptic air mass movement for radon-rich and radon-poor air masses reaching
the El Arenosillo station. Furthermore, the measured atmospheric radon concentrations
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at 10 m and at 100 m levels have been used in order to obtain more informations about
mixing layers and the depth of the nocturnal stable layer.
Figure 8.1: 222Rn concentrations measured at 10 m (red line) and at 100 m (blue line)
heights from the 8th to 11th of June 2010 at El Arenosillo station. Experimental values
of wind direction and wind speed at 10 m height are also reported.The continuous and
dotted lines represent the maxima and minima atmospheric radon concentration in each
day, rispectively.
Episode I is presented in Figure 8.1, It occurred during June 2010 which is part of the
summer season. The summer season, as explained in the previous chapter, is characterized
by the presence of air masses coming from the Atlantic Ocean. A small initial increase is
observed in the radon concentration in Figure 8.1 during the 8th of June where values at
both levels reach on average 2 Bq m−3 and the wind speed is of about 3 m s−1. Figure 8.1
shows that during the rest of the episode the average radon concentration is very low, of
around 0.8 Bq m−3 and tEl Arenosillo ind speed is quite high with an average value of 6 m
s−1. The 222Rn concentrations at both heights are quite similar and there is an absence of
a good representative diurnal cycle for radon which is usually observed (Levin et al, 2002;
Zahorowski et al, 2004; Lambert et al, 1970) with maxima concentrations seen during the
nocturnal period and with minima concentrations measured during sunny hours, as has
been explained above. Experimental observations show a meteorological wind direction
between 200-300 degrees which seems to coincide with the Ocean area and the South of
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Portugal area. All these observations confirm the arrival of radon-poor air masses coming
from the Atlantic Ocean at high speed, which can drastically scavenge the local radon.
Figure 8.2: 222Rn concentrations measured at 10 m (red line) and at 100 m (blue line)
heights from the 7th to 11th of August 2010 at the El Arenosillo station. Experimental
values of wind direction and wind speed at 10 m height are also reported. The continuous
and dotted lines represent the maxima and minima atmospheric radon concentration for
each day, respectively.
Episode II is presented in Figure 8.2. It was recorded in August 2010 during the summer
season at the El Arenosillo station with a well-mixed layer as discussed in the previous
chapter. Figure 8.2 shows that radon concentration at both levels is still quite similar
during this episode and it increases to an average value of 3 Bq m−3 with really low wind
speeds on average of 2 m s−1. The diurnal cycle of radon is finally evident in this episode
and it is in inverse relation with wind speed variation as would be expected (Levin et al,
2002; Zahorowski et al, 2004). The wind direction is between 50 and 200 degree which
seems to come from the Ocean area and from the Bethics Area. Figure 8.2 shows a
cumulative radon concentration during the nocturnal hours (black line) which indicates
stable conditions. The atmospheric 222Rn concentration at 10 m height is higher than the
concentration at 100 m, during the night. This could be due to the radon accumulation
in the nocturnal boundary layer as it was previously explained in Chapter 7.
Episode III is presented in Figure 8.3. It was recorded in March 2010,which is part of
the spring season at the El Arenosillo station with a transition condition between winter
and summer and an homogeneous wind rose similar to the one presented in the previous
chapter for this season. Figure 8.3 shows that the diurnal cycle of radon concentration is
much more evident now especially at 10 m height which could indicate a higher actvity
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Figure 8.3: 222Rn concentrations measured at 10 m (red line) and at 100 m (blue line)
heights from the 19th to 22th of March 2010 at the El Arenosillo station. Experimental
values of wind direction and wind speed at 10 m height are also reported. The continuous
and dotted lines represent the maxima and minima atmospheric radon concentration for
each day, respectively.
of tranported radon or a deeper nocturnal boundary layer (Galmarini, 2006; Vinuesa and
Galmarini, 2007). The absolute difference between the radon concentration at both levels
is more pronounced in the accumulation period as would be expected (Galmarini, 2006;
PhD thesis Arnold, 2009). The wind speed is on average between 4 and 5 m s−1 and the
wind direction is between 100 and 200 degree which indicates the origin of the air masses
is the North of Africa and the Bethics System, including the Strait of Gibraltar. The
wind speed values observed during this episode confirm that the air mass coming from
the Morocco area could be rich in radon.
Episode IV is presented in Figure 8.4. It was recorded in November 2009, which is part of
the winter season at the El Arenosillo station, as shown in the previous chapter. Figure
8.4 shows that the diurnal cycle of radon cncentration is visible. The absolute difference
between the radon concentrations at both levels is more pronounced in the accumulation
period which coincides as would be expected. The wind speed is on average 5-6 m s−1 and
the wind direction is between 0 and 70 degrees which indicates it comes from the North,
e.g. from the Sierra Morena area.
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Figure 8.4: 222Rn concentrations measured at 10 m (red line) and at 100 m (blue line)
heights from the 21st to 24th of November 2009 at the El Arenosillo station. Experimental
values of wind direction and wind speed at 10 m height are also reported. The continuous
and dotted lines represent the maxima and minima atmospheric radon concentration for
each day, respectively.
8.3 Back-trajectory results and discussion
8.3.1 Episode I: June 2010
In the metereological study performed in the PhD thesis of Hernande´z-Ceballo, 2011 at
the El Arenosillo station, it has been found that the predominant synoptic situation,
when air masses come from the Atlantic Ocean, is represented by an important advection
from the West to the South-East. This advection is mainly influenced by the North
Atlantic (Subtropical) High/Anticyclone, a large subtropical semi-permanent centre of
high atmospheric pressure found near the Azores in the Atlantic Ocean. In the upper part
of Figure 8.5 and Figure 8.6 the Weather charts at 500 hPa levels by the WetterZentrale,
are shown for the studied episode. Usually in summer, as well as during this episode,
the central pressure lies around 1025 mbar (hPa) and moves North towards the Iberian
Peninsula, forcing advection of air to the South of the Iberian Peninsula (PhD thesis
Hernandez-Ceballo, 2011).
Figures 8.5 and 8.6 show the back-trajectory analysis for this episode. It can be seen how
the air masses come from the Atlantic Ocean and reach the El Arenosillo station passing
over the South of Portugal. Air masses coming form the Ocean are well mixed and poor in
radon, as it decays along its route from North America to the Iberian Peninsula, and this
coul. This fact could help to explain the really low concentration observed in this episode.
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The low atmospheric radon concentration measured at the El Arenosillo station may be
due to a contribution from the area of South of Portugal. Indeed the back trajectories
present air masses moving quickly over this area and they could take up the low radon
exhaled from South Portugal. However, this phenomenon cannot be studied in dettail
with the HYSPLIT4 using low spatial resolution metereological files such as GDAS data.
The back trajectories at different levels seem to be quite similar and this could confirm the
well mixed condition of air masses and explain the similar radon concentration observed
at 10 m and at 100 m heights which cannot be simulated but could be included in the
well-mixed conditions.
During this episode there is no evidence of a well-defined diurnal radon cycle and, actually,
back trajectories do not show any difference during the day and nighttime analysis. Nev-
ertheless, the day 8th June 2010 shows a higher radon concentration at both levels than
during the other days. This difference could be explained by looking at back-trajectory
results of Figure 8.5. It is seen how air masses pass over a large part of the North of
Portugal which presents, as reported in the European Radon Flux in Figure ?? a 222Rn
flux of about 70-90 Bq m−2 h−1. Furthermore, Figure 8.5 shows that the air masses
remain over the North of Portugal for about 12 hours. This does not happen during
others episode days where air masses quickly pass over this soil area. Finally, the back
trajectory in Figure 8.5 shows that the vertical wind component is below 500 m height.
All these previous observations could mean that air masses passing slowly over the North
of Portugal and at a low level could be able to uptake and transport the radon exhaled
from the land surface of the North of Portugal.
8.3.2 Episode II: August 2010
From the study carried out by Hernande´z-Ceballo, 2011 it have been observed the con-
ditions, which allow air masses to come from Mediterranean areas, are usually linked to
two synoptic situations (PhD thesis Hernande´z-Ceballo, 2011). One of these conditions
is presented in Figure 8.7 for the selected episode. The presence of an anticyclone over
the English Channel reached central Europe together with the existence of a low isobaric
gradient in the whole Mediterranean area which helped the development East-West flows.
The back trajectories in Figure 8.7 show how air masses reaching the El Arenosillo station
not only pass over the Bethics System, as can be seen from surface measurement of
meteorological parameters, but air patterns also include the Pyrenees Mountain region.
There is an uncoupling between atmospheric layers, started below 1000 m and layers
above 3000 m heights. On the other hand, the back-trajectory patterns calculated during
nocturnal and diurnal time do not show any significant difference for this episode. This
means that the relative difference observed in the atmospheric radon concentration at 10 m
during the nocturnal accumulation period and diurnal mixing period could be explained
by the height of the nocturnal boundary layer. This cannot be investigated by back-
trajectory analysis because a high spatial and temporal resolution is required.
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8.3.3 Episode III: March 2010
The synoptic situation of air masses coming from the South of the Iberian Peninsula has
usually been observed to be related with a central low pressure system to the southwest of
the Peninsula (PhD thesis Hernande´z-Ceballo, 2011). Figure 8.8 represents the weather
chart and the back-trajectories for the episode of March 2010. The weather chart shows
a 1020 mbar pressure system centre and separated isobaric lines, which indicates low syn-
optic forcing. This low forcing allows the development of mesoscale phenomena. Looking
at back-trajectory results for this period, it seems to be clear that there is a suspension
of atmospheric air masses over the Atlas Mountain and a well mixed air condition at
different levels. Furthermore, during the maximum radon concentration episode, shown
in the central part of Figure 8.8 the back-trajectories at the lowest levels are below 500
m height. Finally, according to a recent study of the area of the Atlas Mountains there
seems to be a high radon flux of about 150 Bq m−2 h−1 (Omori et al, 2009).
This could lead to the air masses remaining over the Atlas Mountains and uptaking the
222Rn gas exhaled from the surface and transporting it over 300 km to the El Arenosillo
station. This could be possibile due to the radon half life of 3.8 days which enables it able
to travel for two days with a wind speed of 4 m s−1, as observed at the El Arenosillo station
and reported in Figure 8.3. Furthermore, the differences between the back-trajectory
simulations during periods of maxima and minima in the observed radon concentration
show that in the noctural period, which represents the maximum radon concentration
measured at the El Arenosillo station, the back trajectories at the lowest level of 300
m are quite different from the others, which could be due to a very shallow nocturnal
boundary layer thus making possible grater radon accumulation.
8.3.4 Episode IV: November 2009
The synoptic situation related to advection of air masses coming from the North are
as always due to two main situations: the existence of a low pressure system over the
United Kingdom and the presence of the high pressure system of the Azores, as it is
presented in the upper part of Figure 8.9. The back-trajectory analysis in Figure 8.9
clearly shows the air mass pathway from the North but is not able to clarify the difference
in radon concentration observed during the night time and the day time because of the
low spatial/temporal resolution of the GDAS-HYSPLIT4 model. This process, which
has been identified as one of the more frequent in the Guadalquivir Valley, as explained
in the previous chapter, and needs to be studied in depth with a high spatial resolution
meteorological model such as WRF, introduced in Chapter 1, as an input for the transport
model HYSPLIT4.
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Figure 8.5: Back-trajectory analysis of air masses reaching the El Arenosillo station at
00:00 am and at 10:00 am on 8th and 9th of June 2010. Weather charts at 500 hPa levels
by WetterZentrale are also shown.
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Figure 8.6: Back-trajectory analysis of air masses reaching the El Arenosillo station at
00:00 am and at 10:00 am on 10th and 11th of June 2010. Weather charts at 500 hPa
levels by WetterZentrale are also shown.
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Figure 8.7: Back-trajectory analysis of air masses reaching the El Arenosillo station at
nocturnal/diurnal time, corresponding with maxima/minima observed 222Rn concentra-
tion, on 7th, 8th and 9th of August 2010. Weather charts at 500 hPa levels by WetterZen-
trale are also shown.
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Figure 8.8: Back-trajectory analysis of air masses reaching the El Arenosillo station
at nocturnal/diurnal time, corresponding with maxima/minima observed 222Rn concen-
trations, on 19th, 20th and 21th of March 2010. Weather charts at 500 hPa levels by
WetterZentrale are also shown.
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Figure 8.9: Back-trajectory analysis of air masses reaching the El Arenosillo station at
nocturnal/diurnal time, corresponding with maxima/minima observed 222Rn concentra-
tions, on 22th and 23th of November 2009. Weather charts at 500 hPa levels by Wet-
terZentrale are also shown.
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8.4 Specific Conclusions
The experimental analysis of atmospheric radon behaviour at the El Arenosillo station
performed in the previous Chapter 7 has pointed out the existence of specific radon-poor
and radon-rich regions where the air masses generally come from. This chapter describes
a back-trajectory analysis done using the transport model HYSPLIT4 with GDAS files
as metereological input for four of these radon episodes in order to confirm the fact that
air masses come from specific sectors and to show the poor/rich radon concentrations
transported and measured at the El Arenosillo station. The back-trajectories for each
radon episode have been runned during nocturnal/diurnal periods corresponding with
maxima/minima atmospheric radon observations. Furthermore, weather charts by the
WetterZentrale were compared with the back-trajectories for each day in order to better
understand the origin of radon-poor and radon-rich air masses and to confirm specific
regions as radon source regions.
The back-trajectories calculated by the HYSPLIT model with GDAS input files are quite
useful for understanding generic synoptic situations at the El Arenosillo station which
enable the radon to travel from remote areas to the El Arenosillo station. However, the
low spatial/temporal resolution of the metereological input for the HYSPLIT4 model does
not allow the study of local phenomena related to sea breezes, local radon contribution and
nocturnal radon accumulation in a lower layer of the atmosphere (Pearson and Moses,
1966; Kataoka et al, 2001; PhD thesis Arnold, 2009; PhD thesis Lo´pez-Coto, 2011).
Indeed, the nocturnal radon accumulation in a shallow stable low layer of the atmosphere
was observed during the experimental radon concentration analysis performed in the
previous chapter due to the difference between the high radon concentration measured
at 10 m height against the lower radon concentration measured at 100 m height. This
is probably due to the residual radon stored in the higher atmospheric layer during the
nocturnal inversion. This phenomenon has not been explained by back-trajectory analysis
and needs to be simulated and explained by high resolution models in the near future.
Finally, the use of the HYSPLIT4 model to carry out a back-trajectories analysis with
a metereological files, with a spatial resolution of 111 km and 23 vertical levels, has
been usufull in order to confirm some specific radon source regions previously observed
by experimental atmospheric radon concentration analysis. Furthermore, the origin of
air masses, their velocity and the difference between back-trajectories run at different
heights levels provide informations about the possibility of air masses reaching the El
Arenosillo station to take up radon gas exhaled from remote sources and to tranport it to
the INTA station. Anyway, the use of back-trajectory analysis for understanding synoptic
air masses movement is hampered by its low resolution which does not allow for studying
local atmospheric movements or understanding the vertical radon gas gradient observed
by experimental analysis at 10 m and at 100 m heights.
Part IV
Conclusion
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Chapter 9
Conclusion
9.1 Specific Conclusions
9.1.1 EIC 222Rn flux monitors
The EIC radon flux monitors selected to perform the characterization of the El Arenosillo
station were previously calibrated and their response was studied by different laboratory
experiments on soil samples and an exhalation bed. Furthermore, they were compared
with other direct and indirect radon flux methods in measurement campaigns. The labo-
ratory experiments show that these monitors are not influenced by extreme environmental
conditions of temperature and humidity. The measurement results are perfectly repro-
ducible and reliable. Indeed, the radon flux results measured on the exhalation bed of
phosphogypsum soil by RT-EIC radon flux monitors with configuration HST located di-
rectly on the soil surface and with configuration SST, located inside a sealed glass bottle
show reproducible results and a good agreement which confirms the reliability of RT-EIC
HST radon flux monitors. Furthermore, the EIC radon monitor response for the determi-
nation of radon flux directly from soil were compared with other direct and indirects radon
flux methods during an inter-comparison campaign carried out at four selected Spanish
sites in summer 2008 under dry climate conditions for the eastern Spain. The geologi-
cal characteristics of the chosen sites allowed a wide range of radon flux values ranging
from 40 Bq m−2 h−1 to 100 Bq m−2 h−1 to be observed. Direct methods to determine
radon flux, including both continuous and integrated systems, showed a good agreement
with a coefficient of variation between 10 % and 23 %. Indirect methods based on the
measurement of terrestrial gamma dose rate, or 226Ra soil activity, and their empirical
correlation with radon flux, were also used for the EIC monitors evaluation response. The
results show that these indirect methods give radon flux values within 20 % and 40 %
respectively of the directly measured radon flux by EIC monitors when the 226Ra activity
and the terrestrial γ dose-rate measurements are accurately measured. This results was
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observed both for 226Ra activity obtained by MARNA map terrestrial dose data, or by
direct measurement at the INTE and UHU laboratories on soil samples, and for terrestrial
dose rate measured by RS-112 and by LB-1236 monitors at each campaign site. However,
it was found that the terrestrial γ dose-rate values from the Automatic Spanish Surveil-
lance network (REA) and those obtained by GammaTRACER lead to an overestimation
of radon flux.
9.1.2 In situ 222Rn flux measurement in soil
Radon flux is usually measured under the hypothesis that the Darcy law contribution,
which takes into account the pressure difference between the air in the interstices of the
pores material and the volume air where the radon is accumulated, can be neglected. In
this case the only contribution to the radon accumulation inside the volume is because of
the radon concentration gradient between the pore material and the air of the accumula-
tion volume. Neverthless, laboratory experiments carried out on soil samples sealed in an
accumulation volume and on an exhalation bed, where the monitor is not sealed because
it is located on the ground surface, show that this hypothesis is not always true due to
the air change between the accumulation volume and the free external air. However for
the first 4-5 hours the linear increase of radon accumulation is still true. This result has
been confirmed by hourly radon concentration measurements performed by DOSEman
continuous radon monitors on phosphogypsum soil samples of different sizes and on an
exhalation bed of the same material. The radon accumulation inside the volume shows an
initial linear slope during the first 6-7 hours and is the same for both methods and allows
the same radon flux value to be obtained. However, the influence of the environmental
parameters on the radon flux is still an open research point. In the future the effect of
the presence of a pressure gradient needs to be better investigated in order to properly
measure the radon flux in situ in soil without any risk of underestimating it.
9.1.3 El Arenosillo station characterization
Direct radon flux measurements at the El Arenosillo tower show a low radon exhalation
from soil with an average of 5.3 ± 1.8 Bq m−2 h−1. This result is in agreement with
indirect radon flux methods for the same area obtained in the PhD thesis of Arnold, 2009
which used the Szagvary equation together with terrestrial gamma dose data obtained by
the MARNA map. However, experimental radon flux results obtained at the El Arenosillo
tower are definitively lower than values of 50 Bq m−2 h−1 obtained by the European radon
flux map (Szagvary et al, 2009). Radon flux results during dry and wet periods do not
show significant differences due to the high permeability of sand which allows the water
to quickly leave the soil pores (Nazaroff and Nero, 1988).
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Atmospheric 222Rn concentration behaviour was characterized at the El Arenosillo station.
The work was done on a 100 m meteorological tower where two ARMON radon monitors
for continuous gas concentration measurement were previously calibrated in the INTE-
UPC radon chamber and then installed. The influence of local wind speed and direction
on radon concentrations observed at 10 m and a 100 m, at the El Arenosillo station, were
studied and an analysis of seasonal behaviour and diurnal cycle was done for one year.
The 100-m-high tower provides an opportunity to carry out a qualitative analysis of
possible distant radon contribution sources using hourly radon concentrations at 10 m
and at 100 m with the wind conditions at the El Arenosillo station. Indeed, this analysis
has pointed out several possible sources of high radon flux close to the El Arenosillo
station in the Sierra Morena range. A remote eventual source has also been found in the
Moroccan area. Furthermore, the significant contribution of the Guadalquivir Valley as
a channel of air masses coming from inland regions with high radon flux has also been
studied. A significant difference was observed for average radon concentration at both
heights when wind flows from the N-NE quadrant, which includes the Sierra Morena,
the Guadalquivir Valley and the Bethics systems, also with high speeds. This could
prove the existence of an important advected contribution at the lower level during the
nocturnal hours along the southwest-northeast Guadalquivir depression axis and could
help to explain these previous cases. The average hourly measured concentrations of radon
gas obtained over a year at the 10 and 100 m heights at the El Arenosillo station were
3.51 Bq m−3 and 2.61 Bq m−3, respectively. At 10 m, the standard deviations for the
hourly, daily, weekly, and monthly data amounted to 2.87 Bq m−3 (N=3382), 2.35 Bq
m−3 (N=169), 1.69 Bq m−3 (N=34), and 1.10 Bq m−3 (N=10), respectively. For 100 m,
these standard deviations were 2.02 Bq m−3 (N=3684), 1.47 Bq m−3 (N=164), Bq m−3
(N=35) and 0.53 Bq m−3 (N=10), respectively. During the autumn season the geometric
mean of radon concentration data at 10 m is 4.48 Bq m−3 with a standard deviation of
2.03 Bq m−3. The geometric mean of radon concentration data at 100 m is 2.93 with
1.98 Bq m−3. In the winter season the geometric mean of radon concentration data at
10 m is 3.82 Bq m−3 with a standard deviation of 2.34. At 100 m the geometric mean
is and 3.06 Bq m−3 with 1.72. These radon concentrations are not as high as would
be expected for winter and could be explained by the high frequency of radon-poor air
masses coming from the Atlantic Ocean and from South Portugal during this season.
The spring season shows a geometric mean of radon concentration data at 10 m of 3.60
Bq m−3 with a standard deviation equal to 2.18. The geometric mean at 100 m is 2.05
Bq m−3 with 2.20. These average radon concentrations indicate good atmospheric layer
separation during this season. Finally, during the summer season the geometric mean of
radon concentration data at 10 m is 2.64 Bq m−3 with a standard deviation of 1.86. At
100 m height, the geometric mean is 2.41 Bq m−3 with standard deviation of 1.88. These
values indicate really good statistics for this season and a strong mixing layer, as was
expected for an unstable summer.
The experimental analysis of atmospheric radon behaviour at the El Arenosillo station
has pointed out the existence of specific radon-rich and radon-poor regions where the
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air masses usually originate. A back-trajectory analysis was performed by the transport
model HYSPLIT4 and using the GDAS files as metereological input for four of these radon
episodes in order to confirm the air masses origin from specific sectors and to examine the
poor/rich radon concentrations transported and measured at the El Arenosillo station.
The back-trajectories for each radon episode were run for nocturnal/diurnal periods cor-
responding to maxima/minima atmospheric radon observations. Furthermore, weather
charts by the WetterZentrale were compared with the back-trajectories for each day in
order to better understand the synoptic situation developed in each episode, the origin of
radon-rich and radon-poor air masses and to confirm whether specific regions were radon
source regions.
The back-trajectories calculated by the HYSPLIT model with GDAS input files are quite
useful for understanding generic synoptic situations at El Arenosillo station which enables
the radon to travel from remote area to the El Arenosillo station. However, the low
spatial/temporal resolution of the metereological input for the HYSPLIT4 model does not
make it possible to study local phenomena related to sea breezes, local radon contribution
and nocturnal radon accumulation in a lower layers of atmosphere. Indeed, the nocturnal
radon accumulation in a shallow stable low layer of the atmosphere was observed during
the experimental radon concentration analysis performed in the previous chapter due to
the difference between the high radon concentration measured at 10 m height against
the lower radon concentration measured at 100 m height. IThis is probabily due to the
residual radon stored in the higher atmospheric layers during the nocturnal inversion.
This phenomenon was not widely explained by back-trajectory analysis and needs to be
simulated and explained by high resolution models in the near future.
Finally, the use of the HYSPLIT4 model to carry out a back-trajectory analysis with a
metereological files, with a spatial resolution of 111 km and 23 vertical levels, was usufull
in order to confirm some specific radon source regions previously observed by experimental
atmospheric radon concentration analysis. Furthermore, the origin of air masses, their
velocity and the difference between back-trajectories run at different height levels provide
several information about the possibility of air masses reaching El Arenosillo station after
having taken up radon gas exhaled from remote sources and tranporting it to the INTA
station. Anyway, the usey of back-trajectory analyses for understanding synoptic air
masses movement is hampered by its low resolution which does not allow for studying
local atmospheric movements and understanding the vertical radon gas gradient observed
by experimental analysis at 10 m and at 100 m heights.
9.1.4 Huleva phosphogypsum pile
222Rn flux was measured at the Huelva phosphogypsum pile by integrated EIC monitors
during two campaigns under wet and dry conditions. Furthermore, the phosphogypsum
material collected at the Huelva pile was studied by laboratory experiment with different
integrated and continuous 222Rn flux monitors. The rests of the 222Rn flux observed from
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this phosphogypsum soil by different monitors and methods were in agreement between
them and always quite low, with an average value of 33.5 ± 5.6 Bq m−2 h−1, which is really
low if it is compared with material 226Ra activity concentration of 550 Bq kg−1. These
results obtained by EIC electret monitors, with configuration HST and SST and applied on
phosphogypsum soil samples of different volume, on phosphogyspum exhalation bed and
on direct in situ phosphogypsum pile were also confirmed by hourly radon concentrations
measurements performed by a DOSEman monitor, which shows a slope during the first 5
hours in the radon concentration accumulation of sealed soil sample and on the exhalation
bed which leads to a radon flux of 39.2 ± 8.4 Bq m−2 h−1. These results could be
explained by the low diffusion coefficient of radon gas in the phosphogypsum which has
been discussed alsewhere (Nazaroff and Nero, 1988). Furthermore, the radon exhalation
rate, which represents the bequerel exhaled per hour from the material, seems to increase
when the soil sample dimension increase from 44 g to 248 g (Morawska and Phillips,
1980). Nevertheless, the 288 g soil sample shows the same exhalation rate observed from
the exhalation bed, with a values of 0.6 Bq h−1, which confirms that not all the radon
emanated in the pore material will reach the soil-air interface and then exhaled to the
free air.
222Rn flux results at the phosphogypsum pile show low values which means that the PG is
not a high radon flux source to be used for inverse modelling applications, which include
the reconstruction of the source term by use of atmospheric transport models in backward
mode. On the other hand, this low radon exhalation indicates that the whole El Arenosillo
station is a low local radon area where studies of air masses origin can be done. In spite of
the high activity of 226Ra measured in the phopshogypsum soil, the laboratory experiments
and the direct in situ measurements of radon flux showed that the high humidity content
of this material does not allow the radon to be exhaled from the surface. Furthermore
the phosphogypsum material does not exhale high radon concentration even when it is
completely dry because of a very small radon diffusion coefficient in this material. Indeed,
the radon flux measurement at the phosphogypsum pile was carried out in dry and wet
periods and results show a significant difference between the two seasons. Nevertheless,
the phosphogypsum soil was always really wet to the touch. Lope´z-Coto comments that
this is due to the high rain season of year 2010 which meant that the phosphogypsum
could not get completely dry (PhD thesis Lo´pez-Coto, 2011). In addition, the atmospheric
radon concentration measured at the El Arenosillo station does not show any significant
increase when the wind comes from the S-SW sector which includes the area of the Huelva
phosphogypsum pile.
In any case, experimental radon flux results found out at the Huelva phosphogypsum
pile during this study are not in agreement with past studies by Duen˜as et al, 2007
and by Abril et al, 2009. These studies, which were carried out using charcoal canisters
method, found out extremely high radon flux values at the Huelva phosphogypsum pile
with extreme great dispersion between 100-1000 Bq m−2 h−1. This discrepancy is presently
under study and will be published in a future paper. On the other hand, the indirect
radon flux maps of Europe and of Spain regions offer useful informations in order to
114 CHAPTER 9. CONCLUSION
evaluate the possible radon source contribution reaching the El Arenosillo station, but
these methods, in special zone such as the phosphogypsum pile of Huelva, have not been
shown to be completely reliable. Indeed, indirect radon flux maps need to take into
account the possible environmental conditions and the geological material parameters
which can influence radon exhalation.
9.1.5 222Rn flux models
Different indirect radon flux methods have been used and compared with direct methods in
this work. They offer usefull information on a regional and global scale to point out several
hot spot areas, with high radon flux. However, these models are not yet able to properly
quantify either the radon flux variation due to different environmental conditions such as
rain episodes or to quantify the radon flux variation due to an increase of the pressure
gradient because of the presence of cracks in the studied soil. Although recent models
have started to include the geological soil parameters and the metereological information,
more improvements have to be added which can include high quality direct radon flux
measurements.
9.2 General Conclusion and Future Research
This thesis work has been carried out in order to install and characterize a new atmo-
spheric radon station in the South of Spain on a 100-m-high tower of the El Arenosillo
station. This station, the only one in the South of Europe, is able to offer to the scientific
community high quality data of atmospheric radon concentration at 10 m and at 100 m
height with a time resolution of 1 h. Furthermore, the local radon flux contribution in
this area is really low, of 5.3 ± 1.8 Bq m−2 h−1 which means that the atmospheric radon
concentrations data will not have any strong noisy radon background and can be used in
order to estimate remote radon sources.
The need for a new radon flux model has been identified. It has to be able to take
into account the radon flux variation due to geological soil parameters, to metereological
environmental conditions and to possible anomalies in the soil such as cracks which signif-
icantly can influence the radon flux behaviour. Furthermore, high quality and continuous
radon flux measurements have to be implemented and used for models validation. Direct
radon flux measurements have to be carried out in order to better understand the influ-
ence of the pressure gradient between the accumulation volume air and the free air which
seems to strongly reduce the radon flux. This effect has to be better investigated in order
to properly measure the radon flux in situ in soil without any risk of underestimating it.
Furthermore, together with atmospheric radon concentrations measurement on a tower,
the radon concentrations at really high altitude in the atmosphere should be measured by
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aircraft measurement campaigns. This could offer useful information on radon transport
and origin of air masses for applications in atmospheric models validation.
Future work will be carried out at El Arenosillo station with WRF-FLEXPART and with
WRF-HYSPLIT models to investigate atmospheric process on high spatial resolution in
depth.
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